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Outline

ÅThe electric power system

ÅElectromagnetic transients

ÅPhasor model at steady state ïpower flow

ÅElectro-mechanical and mechanical oscillations

ÅDynamic phasor simulation

ÅLinearized DAE and ODE

ÅModal analysis

ÅCase study: Iceland
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The Nordic synchronous area

ÅThree main parts of a power system

īElectricity consumptionïdemand

īElectricity generationïpower plants

īElectricity network or grid

ÅNordic area is one dynamic system

ī National borders just organizational boundaries

ī HVDC links permit trading but block most dynamics

ī Western Denmark in Continental Europe area
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Voltage levels
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ÅTransmission 420 kV and 230 kV 

ÅTSO Svenska Kraftnät

ÅMeshed structure

ÅSubtransmission 145 kV 

ÅDSO Vattenfall, E.ON, Ellevio + few

ÅMeshed structure

ÅMV distribution 10-70 kV

ÅDNO Göteborg Energi, Kraftringen, 

DSOs + hundreds

ÅRadial structure

ÅLV distribution 0.4 kV 

ÅSee MV distribution

ÅRadial structure



Inputs ïWhat drives the system?

ÅPower flow variations

ςConsumer demand determines consumption

ςElectricity market determines production

ςWeather determines variable production

ÅDisturbances

ςWeather

ςEquipment failure

ςHuman error
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Operation

ÅGoals

1. Clear faults fast (safety) and selectively

2. Voltage should be less than 10 % from nominal value

3. Frequency should be less than 0.1 Hz from nominal 50 Hz
ςSchedule generation to balance consumption
ςFrequency control manages deviations in power balance

ÅChallenges
ςMany owners
ςLarge distance
ςMany components
ςMany time scales
ςLimited observability
ςLimited controllability
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Power system automation by time scale

ÅProtection (50 msï3 s)

ςFor each component: Detect abnormal situation and isolate fault

ÅFrequency control (s)

ςTurbine control

ÅStability controls (1 Hz)

ςPower oscillation damping

ÅVoltage control (s-min)

ςTransformers, generators, capacitors

ÅControl room: Mainly monitoring + dispatch of repair crew
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Modelling challenges

ÅModel scope

ςDifferent models for different purposes

ςModels are geographically limited ïextent  and resolution

ςModels are temporally limited

ÅKeeping model valid

ςSvenska Kraftnät manages transmission+subtransmission model

ςEach DNO manages MV+LV distribution model (asset database, GIS)

ςControl room software manages network topology (breaker status)

ςLeast square fitting of actual operating point to data + measurements
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Selecting time scale

ÅToo slow dynamics

ςMake constant

ÅToo fast dynamics

ςAlgebraic equation 

2022-05-03 Olof Samuelsson 9

1 s10-2
10-310-4

1010-1
102 103

Automatic Generation Control

Load Frequency Control

Turbine & Boiler Control

Generator Control

System Stabilization Control

Protective Relay System

HVDC & SVC

Surge

Harmonics

Frequency Variations

Power Swing

Subsynchronous Resonance



Power line physics

ÅMagnetic field from current in conductors

ςSeries inductance L in H/km

ÅOhmic losses from current in conductors

ςSeries resistance R in W/km

ÅElectrostatic field between different potentials

ςShunt capacitance C in F/km

ÅOhmic losses from discharges to air

ςShunt conductance G in W-1/km
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Electromagnetic transients (EMT)

ÅRelevant waveform resolution: ns to ms

ÅPurpose: Matching with high voltage lab measurements

ÅModelling

ςExplicit waveforms represent voltages and currents

ςThree-phase line p-model has nine dynamic states

ÅSimulation software

ςEMTP, PSCAD/EMTDC, RSCAD/EMTDC

ςEverything modelled as RLC-circuits with sources

ςTypically fixed time step ns to ms
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Complex phasors

ÅDuring a cycle, an AC quantity can be represented by a complex number

ÅIn power engineering, absolute value of phasor is rms value

ÅFrequency is implicit; typically nominal
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Dynamic phasor simulation

2022-05-03 Olof Samuelsson 13

ÅRelevant waveform resolution: few cycles and up

ÅPurpose: Analyse behaviour of entire system

ÅModelling

ςComplex phasors represent voltages and currents

ςThree-phase line p-model has no dynamic states

ÅSimulation software

ςPSS/E, PowerFactory, EUROSTAG, ARISTO

ςNetwork modelled as complex impedances, dynamics in generators

ςTypically variable time step ms and up



ARISTO real-time simulator

ÅBy Svenska Kraftnät/ABB

ςFor operator training

ςEMS can use SCADA or ARISTO as data source

ÅCircuit breaker-based model

ςConnecting/sectionalizing bus bars changes topology

ÅFull Nordic model

ς29 000 switches

ς1500 generators

ς3000 loads

ς3200 switchyards Ą
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Normalization eliminates transformers

ÅAt each voltage level an admittance matrix captures all lines

ÅAn admittance matrix capturing several voltage levels very complicated

ÅWorking with normalized ïñper unitò quantities 

ςNormalizing to common MVA base eliminates transformers

ςNormalizing to MVA base of each component Ą parameters similar

ÅNormalized quantities is numerically advantageous

ςPower systems analysis key application of early computer analysis
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Steady state power flow

ÅFind V and qand based on that flows and losses

ÅExample:

ÅUnknowns: x=[q2q3 V3]
T

Åy=f(x): 

f(x)=[P2(x) P3(x) Q3(x)]T, 

Pk(x) is P from bus k to rest of network

y=[60 -80 -60]T

ÅSolve numerically often with Newton-Raphson

ÅJacobian inherits structure of admittance matrix

ÅPower flow calculations basis for power system planning
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Symmetry

ÅSymmetry = All phase quantities have same 

magnitude and °120 p̄hase separation

ςEnough to compute one phase

ςOther phases only differ by phase angle

ςThree-phase power = 3 x single phase power

ÅMost faults are unsymmetric

ςTree leaning on one phase conductor

ςLightning strike

ςObject falling on two phase conductors etc.

ÅUnsymmetry is managed by change of 

coordinates using ñsequence componentsò
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Electro-mechanical oscillations

ÅGenerator speeds
ςAll tend towards 50 Hz, oscillation around 50 Hz (Americas 60 Hz)
ςKinetic energy (Jw2)/2 varies, power oscillates

ÅResonance!
ς1-3 Hz single generator, <1 Hz generator groups

MW flow California-Oregon, 10 August 1996 
just before blackout of 7.5 million people
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Mechanical oscillations

ÅGeneral system

ςMany resonances (modes)

ςComplex mode shapes

ÅTwo-mass system

ςM1 vs M2 = swing mode

ςM1 with M2 = rigid body

ςFrequency dynamics

ÅSingle-mass system

ςOnly swing mode
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Dynamic phasor model

ÅComplex variables represented as ὙὩɇ Ὅάɇ or 

ὃὦίɇ ὃὶὫɇ

ÅNetwork equations with bus admittance matrix:Ὅ ὣ ὠ

ÅNonlinear differential-algebraic equations for component i:

ὼȟ Ὢ ὼȟȟὼȟȟό

π Ὣ ὼȟȟὼȟȟό

ώ Ὤ ὼȟȟὼȟȟό
ȟd=dynamic, a=algebraic, u=inputs, y=outputs

ÅBuild system:

ὼ Ὢὼȟὼȟό
π Ὣὼȟὼȟό
ώ Ὤὼȟὼȟό

whereὼ
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Synchronous generator

From EUROSTAG 

reference manual

6th order model

3rd order model
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Analysis methods

ÅNon-linear time simulations

ςAnything can be simulated

ςOperating point must be selected

ςDisturbance must be selected ïonly excites some dynamics

ÅModal analysis of linearized model

ςSteady state operating point must be selected

ςOnly valid near linearization point

ςReveals all dynamics

ÅBest to combine!
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Linearization simplifies

ÅSize of disturbance

Nonlinear model for large changes Pe=K1·sind

Linearized model for small changes DPe=K2·Dd

ÅHow small is small?

òSmallò is when linear model is valid J

Olof Samuelsson 23

d

Pe

Pm

Dd

DPe

2022-05-03



Linearized DAE

ÅLinearize around operating point

ÅThen

where

ÅCollect all vectors in one: then
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Example: IEEE 9-bus 

ÅOne generator:

ÅFull system:
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