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Context, Motivation and Goals

‘KTH SmarTS Lab will develop benchmark network models that will be
used to test the functionalities of the OpenCPS toolchains for:

Multi-domain simulations of improved gas turbines and the power grid to
meet European standardization requirements for grid connection that
requires design space exploration and trade-off analysis and, information
exchange requirements through the IEC-CIM UML-based Common Grid
Modeling Exchange Standard (CGMES)”

m) Use Case 2. Provide customers with advanced turbine
models for grid analysis complying with EU standards

(CGMES).




Context, Motivation and Goals

Graphical Description of Thesis Goals
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Context, Motivation and Goals

Smart Grids (SGAM) Application Cases: Single Machine Infinite Bus

CIM / CGMES with UML / XML
+
Modelica / FMI

Another




Context, Motivation and Goals

Why Gas Turbines?
=  Some targets to be reached in the road towards the Smart Grids

CO2, SO2, NOX Variabl bl Enhanced grid
' , ﬁ ariable renewable IS i Teslefiltir &

emission reduction resources

robustness

(varRE) make the gas-electricity nexus a primary concern and opportunity for energy system

g “The increased interdependence and rapid penetration of variable renewable energy sources
N flexibility".

L B
Several operational and system planning issues due to prolonged drought in hydro-energy ‘

dependent regions like Latin America -> Need for dispatchable generation!! There is an
investment in liquefied natural gas (LNG) in South America resulting in a gas market growth.

Gas turbines plants offer flexible operation that is being improved with technology
development. Gas turbine plants are in general more flexible that other forms of generation
They can start quickly and provide significant ramping capability

Heinen, S., Hewicker, C., Jenkins, N., McCalley, J., O'Malley, M., Pasini, S., & Simoncini, S. (2017).
Unleashing the Flexibility of Gas: Innovating Gas Systems to Meet the Electricity System's Flexibility
Requirements. IEEE Power and Energy Magazine, 15(1), 16-24.




Multi-Domain Dynamic System Modelling

Domain Independent Physical Systems Modeling

» Dimensionless Variables (p.u. in Electric Power
domain)

| lin C
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Multi-Domain Dynamic System Modelling

Heat Engine and Thermo-Dynamic Component Diagrams I
T
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Gas Turbine as a Carnot Heat Engine

Gen

. Compressor Turbine —— (Load)
1st + 2nd Law of Thermodynamics
Concept of Entropy / Thermal
Efficiency Simple-cycle single-shaft
W = Ql — QZ Markunas, A. L. (1972). Modeling, simulation, and control of gas turbines (Doctoral

dissertation, Massachusetts Institute of Technology).

Zimmer, D., & Cellier, F. E. (2006, September). The Modelica multi-bond graph library.
In Proceedings of the 5th International Modelica Conference (pp. 559-568).

Broenink, J. F. (1999). Object-oriented modeling with bond graphs and Modelica.
SIMULATION SERIES, 31, 163-168.




The Gas Turbine in Power Systems

Gas Turbine + Governor Models in Power System Domain

simplifications

2001
WEC gefic /
09 [ifdm >0 . o)
e(©® speed > dm 1 i\
e 0 if dm < 0 ‘| - \ 0y ctrl +Z.
speed**dm | Pmech | Simplifications
+
1
¢ 1 1+sTsa| e ‘| 1+sTc 1
1+sTfload 1+sTsb 1+sTb
’ Load \ 1
Ldref Limiter : | E@ 1 GGOV1
» fsrt
Aset - 1 ‘
Acceleration ¢ 1 o-sTeng 1
speed |  Limiter [ sra \ 1
Low \ - Wfnl |
speed Value ropen o 1
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] Load max /[ \ |
Pmwset | Controller fsrn [ 1 t !
P _/ 1+sTact \
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Yee, S. K., Milanovic, J. V., & Hughes, F. M. (2008). Overview and comparative analysis of gas turbine
models for system stability studies. IEEE Transactions on power systems, 23(1), 108-118.



The Gas Turbine in Power Systems

Gas Turbine + Governor Model Limitation

« 2001: The widely used GAST model was replaced with GGOV1.

« Malaysia black out: Example of abnormal frequency event, power imbalance after the
formation of electrical power islands.

100

95+

P i)

85

______ ** Yee, S. K., Milanovic, J. V., & Hughes, F. M. (2008)

75 1 1 1 1
0 50 100 150 200 280
Tirme (seconcs)

Frequency dependent models: Power system & governor behavior, equipment specific
studies wt large frequency excursions.

Physical models: The most complex and the most accurate ones. Obviously, suitable for
dynamic behaviour analysis of gas turbines -> Manufacturers
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Based Model
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OpenlPSL
Modelica
systems

library  for

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

OpenlPSL enables:

Unambiguous model exchange

Formal mathematical description
of models

Separation of models from IDEs
and solvers

Use of object-oriented paradigms

IS an open-source
power

\y @
9}.@ The OpenlIPSL Library

v ¥ OpeniPsL
il
» | Examples
v Electrical
» Buses
» Branches
¥ Machines
» PSAT
v PSSE
» BaseClasses

[~} GENsAL
[~} GENROU
[~} GENROE
[~} GENSAE

g GENCLS

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

[ PSS2A
[ PSS28

[} STAB2A
¥ STAB3

¥=3 STABNI
=} IEEEST
I} IEE28T

-} stBRVEC

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

I:I SystemBase

¥ NonElectrical
» Logical
» Continuous
» Nonlinear
» Functions
» Connectors

Voltage [pu]
-

o N
T

Voltage magnitude at bus 3359

MSE= 1.6374e-08

= PSS/E Nordic44
== == Modelica Nordic44

1 1 1 1
3 4 5 6

MSE= 2.6355¢-08

Voltage angle at bus 3359
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The ThermoPower Library

= ThermoPower is an open-source 7 I
Modelica library that provides
components that can be used to T

A
model thermal power plants. E—! C
- Some examples of the types of power Q’ (==N=
plants that can be modeled are: fossil- ééé
fired Ranking cycle, gas turbine and
®

combined cycle.

- Water and Gas packages provide
models of components where the
working fluid is water/steam or gas
mixtures, respectively.

> ]

- Default models of fluids can be

replaced by those Compliant with the + Casella, F. (2009). Object-oriented modelling of power plants:

. P a structured approach. IFAC Proceedings Volumes, 42(9),
Modelica.Media interface. 249254,

- ThermoPower was developed by Vore info:
Francesco Casella, Alberto Leva « https://casella.github.io/ThermoPower/

and their research group in » https://github.com/casella/ThermoPower
Politecnico di Milano.



https://casella.github.io/ThermoPower/
https://github.com/casella/ThermoPower

Modelica Models for Multi-Domain

Package Structure

4 |[_] OpenCPS_D53B | E— Heat System ThermoPower
4 || TurboMachineryDomain ysica + Hydraulic (ThermoSysPro,
> [ ] GTArrangements Model — Gas B — Clara,
> [ ] GTModels Turbine manufacturer

> ] Tests Mechanics

> [ ] FreqAnalysis

4 || PowerSystemDomain

specific)

> || Generation_Groups _

> [ ] Controls Electric )

> [ ] Noiselnjections Power Grid Electric o -
> L Networks + Controls FOmEr P

> [] Breakers Models Systems

b [ ] Loads

> [ ] GTAnalysis

b [ ] MultiDomain

Multi-Domain




Modelica Models for Multi-Domain

Single-Machine Infinite Bus network model

SEN2|nF

Vpu
Angle

ST

Generation Groups.SMIB.Generator generator(
v b=13.8,|
M b=10,
Q O0=pf results.machines.Ql 1,
P_0=pf results.machines.Pl 1,
V_0=pf_results.voltages.Vl,
angle 0=pf results.voltages.Al) a:
Record=s.PF 050 pf results a;

System Data
System Base: 10 MVA

Frequency: 50 Hz

pf_results
P B

[BUS3

Stochastic model of variable load
Modelica.Noise models are used.

bW

Roberts, C., Stewart, E. M., & Milano, F.
(2016, June). Validation of the Ornstein-
Uhlenbeck process for load modeling based
on pPMU measurements. In Power Systems
Computation Conference (PSCC), 2016 (pp.
1-7). IEEE.




Modelica Models for Multi-Domain

Full GGOV1 Model with OpenIPSL

set
_ ; Load
=Ldre Limiter

SPEV_ X

Turbine
Acceler. ..
e v Model
— Low value
/b—-
= Acceleration select ’ L e
k=Aset o
Limiter =
a F—a
PELEC
P _ref
K= Gover.._.
Pmw_set
k=Pmw___




Modelica Models for Multi-Domain

GGOV1 Turbine Block

TEXM s5 _s5 o

TEXM

producty

GGOV1 sPeE

‘A speed damping factor can be modeled to
influence the temperature limit as a rather gross
approximation of the speed dependence of the
turbine rating. This is, however, not very accurate”.
Recommended value for parameter dm is zero.




Multi-Domain network models

Multi-domain Modelica Model: ThermoPower + OpenlPSL

4 [ | OpenCPS_D53B
4 [ | TurboMachineryDomain
> [ ] GTArrangements
> [ ] GTModels
b [»] Tests
4 | | PowerSystemDomain
> [ ] Generation_Groups

gasFlowA. ..

vePuasition /-*

T=4

val

combiTab. .

4l ArSource FuelSource > [_] Controls
P > || Noiselnjections
> [] Networks
> [ ] Breakers
TD b > [ ] Loads
. | b [»] Tests
%KE L 4 [ | MultiDomain
.7 —o g | > [ ] Common
) > [ | Generation_Groups
th F > [] SMIB
b [ Sync
> [»] OpenLoopTests
Shaf_a shaft_b
[
compressor turbine




Multi-Domain network models

Multi-domain Modelica Model: ThermoPower + OpenlPSL

GEN1 BUS1 SEN2 e

0.996
.0184°

Governor

0 OpenlIPSL
0 OpenlIPSL
Q0 ThermoPower

shaft

equation
omega_ e = der(shaft.phi) *Np;

SPEED = omega e/ (100*pi) - 1;
PMECH = der (shaft.phi)*shaft.tau/ (S _b*leé6):
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Common Information Model in Papyrus
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Common Information Model in Papyrus

The CIM semantics for Power Systems

E ConductingEquipment CIM/CGMES SemalltiCS +
Information each
j: component in system
Q RegulatingCondEg
Define interactions
SysML between
components
+ synchronousMachine
1.4 Q RotatingMachine
01 inaUni =+ p: ActivePower [0..1] N
Q[ ~1][+ generatingUnit =+ g: ReactivePower [0..1] PI'OVlde the
GeneratingUnit =1 + ratedPowerFactor: float [0..1] 1 + 9
= + baseP: ActivePower [0..1] =+ ratedS: ApparentPower [0..1] MOdellca mathematical
&+ initialP: ActivePower [0..1] =+ ratedU; Valtage [0..1] OpenIPSL computer language to
=+ nominalP: ActiveFower [0..1] a
=+ governorSCD: float [0..1] deﬁne equatlons
=+ maxOperatingP: Camplex [0..1]
E SynchronousMachine
+ i Resistance [0..1] = ISO
b=t N

=Enumerations
SynchronousMachineKind
=1 generator
= condenser
= maotar

+ 1 Reactance [0..1]

+ type: SynchronousMachineKind [0..1] CIM
+ gPercent: PerCent [0..1] IR
+ max(Q: ReactivePower [0..1]
+ minQ: ReactiveFower [0..1]
+ maxl: Voltage [0..1]

+ minll: Voltage [0..1]

O0D0OoOooaao

F. Gémez, L. Vanfretti and S. H. Olsen, "CIM-Compliant Power System Dynamic Model-to-Model
Transformation and Modelica Simulation," in IEEE Transactions on Industrial Informatics, vol.
PP, no. 99, pp. 1-1. doi: 10.1109/T11.2017.2785439




Common Information Model in Papyrus

The CIM / UML Modeling for Power Systems

Y EJTC57CIM
v FI1EC61970 E IdentifiedObjec . E CoviTl
U M L =1 Incomplete! This diagram has not be verified z &= + mRID: String [0..1 +aset: Float [0..1
=] + name: String [0..1 +db: PU[D..1

» ] IECE1970CIMVersion
> EJInfIEC61970

+ ka: PUO..1]
+ kdgow: FU[0..1

¥ £ Base + kigow: PU[0..1
P E1DoclEC61970 + kiload: PU[0..1
P F1 Domain + ki PU[D..1
» FCore + kpgow: PU[0..1

+ kpload: PU[D..1
+ kturb: PU[0..1
+ |dref: PU[0..1

p £ DiagramLayout

. .. E DynamicsFunctionBloc
P 1 OperationalLimits

[=] + enabled: Boolean [D..1

» E3Topology + maxerr: PU[0..1
> B0 Wires + minerr: FU [0..1
P £ Generation l + mwbase: ActivePower [0..1
» EaDC | + prwset: ActivePower [0..1
» £ LoadModel +rPUD.1)
» £ AuxiliaryEquipment + rclose: Float (0..1
. + rdown: PU (0.1
P £ Protection [ E TurhineGovernorDynami: + ropen: Float [0..]

P F1 Equivalents
P £ Meas | <|7
» £ SCADA
» 1 ControlArea
P £ Contingency
b [ StateVariables
» E3InfIEC61970
¥ B3 Dynamics
" <Dependency> GenerationTrainingSimulatio
" <Dependency> Production
p [ Standardinterconnections
¥ £ StandardModels
> Q DynamicsFunctionBlock
> Q RotatingMachineDynamics
> E1 SynchronousMachineDynamics Example: Class diagram for GovCT1
P £ AsynchronousMachineDynamics
P £ TurbineGovernorDynamics
P £ TurbineLoadControllerDynamics

+ rselect: DroopSignalFeedbackKind [0.
+ rup: PU [0..1

+ ta: Seconds [0..1

+ tact: Seconds [0..1

+ tdgow: Seconds [0..1

+ tpelec: Seconds [0..1

+ wmax: PU[0..1

+ wmin: PU[0..1

+ winl: PU[D..1

) o o i o o R o o o




Modeling Methodology and Proposed Models

SysML extension for the CIM / UML

¥ (*1IEC_61970
¥ "7 network
¥ I model_uc1_islanding
» | «Block» IslandModel
» # Association1
» # Association2
Diagram Model_UC2_lslanding
¥ Emodel_uc1_smib
> [E «Block» SMIB

[Bs Diagram Model UC1_SMIB Example of SMIB in SysML
* Plant contains Generator block and Turbine block
» Turbine defined as:
« Standard model used by Power System Simulation
Tools.
* Detailed explicit model of Turbine dynamics (Multi
Domain).




Modeling Methodology and Proposed Models

ISO Standard Proposal for Multi-Domain Modeling .’ UN/CEFACTS
ﬁ CCTS Modeling
" MethodoIong
ules

CIM / UML ISO 15925/ OWL

Information &
Semantics

Models Harmonized Multi-Domain UML / Bridging
OWL

UML/SysM
Dynamic Multi-Domain L Modeling

Transient Model Profiles
(DY)

Contextual
Layer

Message
Assembly

Syntax Level
Layer




Modeling Methodology and Proposed Models -

ISO 15926 Standard Proposal for Multi-Domain Modeling -
v 118015926 Challenge 1: ISO standard is distributed in OWL notation ->
v B Baslcs transformation to UML (MSc Thesis results!)
E Fluid . N .
Challenge 2: Creation of namespaces™ and profiles,
E Flange . . c
compatible with CIM, to include ISO models
£ Core
¥ £ Domai
g SUBJECT PREDICATE OBJECT
Q AbsolutePressure
Vv £ Heat_Transfer :
- - consist of
] combustionChamber Gas Turbine Compressor
¥ E3 Instrumentation GT1 C101
Q PressureMeter
¥ 3 Rotating_Equipment Compressor has property Design
ElCompressor = = = = = = ——— — > Temperature
Ci101
¥ E3 Topology T101
» =] TMPressureDrop :
octivi Design has magnitude
Temperature
T101
Design is quantified in
Temperature
T101
. xmlns:cim="http://iec.ch/TC57/2013/CIM- (RDF Named Graph / Triples)

schema-ciml6#"
« xmlns:pti="http://www.pti-us.com/PTI_CIM-

h "
schema—c1m16#" Kim, B., Teijgeler, H., Mun, D., Sun, D., Hwang, J., & Han, S. (2008). A
xmlns:entsoe= http ://entsoe.eu/CIM/SchemaE Representation and Implementation of Process Plant Models usin

Xtensi 0n/3/1# " 1ISO 15926. In PLM08 Conference.
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Multi-domain model simulation

Model Identification

0.80+

0.75+

0.70+

0.65+

0.60+

0.55+

0.50

startTime=30""~<

GTPlant ¢

0.45

. - . \ . - . - Kturb = 15 anl = 015

20 40 60 80 100
Time (sec)

14T,
14T, T,=0.11514

ga(s) =

Luigi Vanfretti, Maxime Baudette, Achour Amazouz, Tetiana Bogodorova, Tin Rabuzin, Jan
Lavenius, Francisco José Goméz-Lopez, RaPld: A modular and extensible toolbox for parameter
estimation of Modelica and FMI compliant models, SoftwareX, Volume 5, 2016, Pages 144-149,
ISSN 2352-7110, https://doi.org/10.1016/j.s0ftx.2016.07.004.

Tools:
* RaPid
MATLAB ident

SMIB_TM.Fmech »| simout

T, = 0.14101

Leng = 0 (no delay)

BUS3




Multi-domain model simulation

Time Response with Load Change Event Multidomain vs GGOV1 Turbine Models

~

)

+2.0E-5
Mechanical Power
—— Mutidomain.Pmech —— GGOV1Turb. PMECH ”'SE'E'_H————R__ﬁ____————___ Load Change Event
reze ot Increase of 0.2 pu in active power at
0.7515 =30 sec of simulation. After 20 sec,
o 46,056 the active power is set back again to
i | the original value (0.75 pu)
0.7505 - -
0.7500
0.7495
0 7490- Electrical Power
Multidomain_Pelec GGEOVATurb Pelec
0.7485 0.780
0775
U.?dBU T T T T T
30 40 50 60 0 770
610 Multid_freq [Hz] GGOV1Tfreq [Hz] 0.7654
50.5 0.760-
L>J\ 50.6- 0.755
. s04 0.750
()]
S 50.2 0.745-
U 50.0 0740
o * i
-
LL 498 0735
49 6- 0.730 ,
25 30

494
29




Multi-domain model simulation

Stochastic Load Model

Multidomain Pmech

Multidomain.Pmechi,

+2 0E-5

Noise Model
Expectation value | S
Standard deviation +1.0E-53
Sample Period

; - +5 0E-6-
Sine wave or ramp containing |

the noise can be used to model ,

the “normal” load variation Y 0.74997 ' T

model VariableLoad "PSS/E Load with wvariation”™

parameter Real 4 P "Active Leoad Variation (pu)"™;

"

public
Modelica.Blocks.Interfaces.RealInput u;
equation
if time >= tl and time <= tl + d t thesn
kI*S_I.re*v + 5_¥Y.re*v"2 + kP*(5_P.re + d P)
kI*S_I.im*v + S_Y.im*v"2 + kP*(S_P.im + d_Q)
else
kI*S T.re*v + 5_¥.re*v"Z + kP*S _P.r= + u
kI*s I.im*v + §_Y.im*v"Z2 + kP*S P.im =
end 1f;
end VariablelLoad;

-

= p.vr*p.ir + p.vi*p.ii;
(-p.vr*p.ii) + p.vi*p.ir;

ks BE a7

Load varies d_P in the time interval
between t1 and t1l+d t.
Noise model can be added as real input u.

U = p.vr*p.ir + p.vi*p.11i;
(-p.vr*p.ii) + p.vi*p.ir;




Multi-domain model simulation

Time Response with Load Change Event Multidomain vs GGOV1 Turbine Models
Mechanical Powgr, p @\
—— Multidomain Pmech —— GGOV1Turb. Pmech Load Change Event
0.7520 el Increase of 0.2 pu in active power at
07616 oes =30 sec of simulation. After 20 sec,
the active power is set back again to
+5.0E-6{ « .
0.75104 \_ the original value (0.75 pu) )
0.7505 e
0.7500+
0.74954 .
Electrical Power
0.7430+ Multidomain PELEC —— GGOWVATurb. PELEC ----- Multidomain.PELEC(2) -
0.v80
074854
0.775
0.7480 T T T T T T T T 0770+
30 40 50 60
Multid Freq [Hz] GGoviTFreq [Hz] 0.765+
51.0
0.760—
> 50.8+
O s 0.755
c
QO =4 0.750
g 2] 0.745-
500+
e vl 0.740
LL 196 0.735+
194 | . | . | . | | | | | 0.730 T T T T
29 30 3 32 33 34 35 25




FMU Generation and Simulation

r Typical Grid
Models (PSS/E)
ODMS

Initial
models :
J, MST1 7y M

Simulator
Camom = > >

MST2

Internal UML

pR——====

v

14 : \
i > Mapping Rules : T %g
Initial testing models I urbo Ivlach. 1
OpE"'PSL Full OpenlPSL Coverage 1 Model —> 0 IPSL
i pen
T Turbo Mach. models 1
I
Turbo Mach. -
Model - .mo file 3
u n b,
: 1 oM >
% N
u
. - Simulator
| |
. "t
| — - H —
- b I
| |
Colour Legend Needs to be . : : ( 5 \
Implemented u Import FMU : i Import FMU
Work not started / tested : ———
u =k
Work under progress Manual - * . . *
T 1 Simulation nn simulati
Work completed i _} Automated o . 5 imulation
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u
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FMU Generation and Simulation

Preparation and Compilation of FMUs
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FMU Generation and Simulation

FMUs Simulation in different environments
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Conclusions and Future Work

A multi-domain semantic and equation-based model has been derived to
allow simulations of detail representations of gas turbines and the electric
power grid.

Differences in the simple turbine model (GGOV1) and the multi-domain
explicit turbine model have been shown. A relevant source of that difference
Is the representation of the speed influence on the gas turbine dynamics.

It is possible to exchange the models in the form of FMUs. This leads to the
opportunity of getting detailed models of the gas turbines from the
manufacturers while protecting their IP. The right choice of the solver and the
noise modeling are still a challenge.

A Dbetter model that includes among other things the valves dynamics is
desired. This will be useful in the study of forced oscillations phenomena in
power systems coming from gas power plants. This model can be extended
to cover Combined-cycle power plants.

It is recommended to follow the ISO 15926 standard more strictly.




Thank you!
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