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Introduction to the Fundamental Concepts of EMT Simulation and
Circuit Solution Methods

e The key differences between EMT and RMS-type simulation solutions
e Electromagnetic transients in power systems
o Characteristics
e Circuit equations and solution methods
o State-space formulation
o Dommel’s method
e Techniques used for fast and accurate solutions
o Sparse matrix
e Network Impedance Characteristics and transient response

e Practical simulation examples that highlight application areas
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Common Applications

* Cable, line, station insulation design
o Switching Over-Voltage studies — Arrester ratings
o Power System lightning performance — BIL
o Temporary Overvoltage studies (TOV)
o Breaker Transient Recovery Voltage (TRV)

* Wind and Solar PV integration studies
Performance during faults

Interaction with other devices near the POI
FACTS technologies to support wind

@
@
@
o Application of HVDC transmission (VSC, LCC)

e System Harmonic and power quality analysis
* Protection modeling and testing

* Sub-Synchronous Resonance
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PSCAD/EMTDC — The Industry Standard EMT Program
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EMT Solution
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EMT and RMS Type Simulation Results

The results (even RMS guantities) are derived from two different methods of
mathematical circuit solution techniques
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Electromagnetic Transients in Power Systems - Characteristics

Example: Closing the breakers has initiated an electromagnetic transient
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Electromagnetic Transients in Power Systems - Characteristics

Example: Closing the breakers has initiated an Transients are initiated due to a change to the

electromagnetic transient.
network topology

* Switching Events

* Faults and fault clearance
* Lightning

* Others

* The energy exchange between L-C causes the
oscillatory transient.
* Resistance in the circuit acts to damp the transient.

Electromagnetic Transients — General characteristics
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Electromagnetic Transients in Power Systems - Characteristics

NO®GL [ Jerl
L
2 ---¢ J/ ’
o O _ Dau:u\ckcwrcun L_% : 12.5
w}—-—.’-g—J o0 km _ _
i T cl ] c3
- s 01m60|<M ‘ it oﬂwm TL 115KV | hA ) * v o ---0
Station B 45 0 12
g ; o
% i y ‘ T osﬂz‘vmm haiad : Tower: 3L1
1 Singe crcut 2 Conductors: chukar
290 km 8
= %z | Ground_Wires: 1/2_HighStrengthSteel
TL 03 180KM =
, | .
T I
le6 v B >
-G e ) ‘—ﬁ.—.—{ O[T}
=+ m
I T ozqmm z H H H { H ?
: | Transmission Line ‘travel time’ (approx.) - 1 ms
Line energizing results
Line energizng results ‘ . s = | [~
=E1 | . — .
B A~ s

NAYAVAVAYAVI"A A NN N Vi VR S VY / N e,
AWAWAW AW A\

\ NN ANV WA FAN VAN
NN /

=
<
<
<
.
yd
N
p

Y, V4 VAVA | ‘

IAARAI A AANAAAAN) A KX X

Al e |

-  — : | 7 A

: SO Y . VA S N AR AN e
L AR AT VAW W ANANIAY 2 oo VAR AN NN A=, WA

as HATARTA A VARVTERYERY VALY s SN AR N A NN

o VUK A AN TN A A A 10 AR S

_ LIRISEVAR YA 2R AR YA EAY VAR 7

2 " v 1 N v i
tme... 0,180 0.180 0.200 0.210 0.220 0.230 0.240 0.350 0.250 tme... 9190 0.195 “,‘,{UUL i Gzl 0.215 0220 Egjﬁgg

L0001




| PSCAD _

EMT and RMS simulation — Main differences

o
f.,) Manitoba
N\\V2Z HYDRO INTERNATIONAL




pscad.com

Powered by Manitoba Hydro International Ltd.

Transients and Steady State Solution

* Load Flow / Transient Stability e Electro-Magnetic Transients
* Each solution based on phasor e Direct time domain solution of
calculations Differential Equations
* PSSE, ETAP, PSLF, BPA * PSCAD, RTDS
. : d .

Viw)=R-I(w)+ j(Lw)-I(w) v(t)=R~z(t)+sz(t)

4

! R

i
. -

* 50 Hz solution on network side
* Good for low frequency electro

mechanical oscillation studies. p +
* Difficult to represent power electronic L

converter response (wind, PV)

» Cannot represent ac system resonances
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Transients and Steady State Solution
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Time Domain Solution of Circuit Equations
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EMT Vs RMS Response

* Network (electric circuit) dynamics
o Harmonics are represented
o DC offset in currents and voltages are represented

* Fast controls of inverters can be better represented
* Interaction between fast acting power electronic devices can be studied

However, EMT simulations are slow compared to RMS type simulations
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EMT Vs RMS Response — Capacitive Circuits

Capacitor voltage response

Capacttor dynamic response

L, =Ecap |= RMS =
—l— )x y
R s
/
— C 0.6 /
O Eos
0.2 ’/

—_— — 0.0 =
sec (.09980 " 0.10000 " 0.10020 " 0.10040 " 0.10060 " 0.10080

N

Main : Graphs

Series compensation 500,000 {"E2 e
o et T o g
N oo P I Oy LT T
Pt A ' 100.000
T g s o EE— 5 i, T oo
g Ji 8 8 200000 | Pllﬂllrhll{nlﬂIHHMHlIHIH“1 HHIWHHIH(“WM‘WHIH
e & D;:‘ & - s 1 -300.000 I Hﬂ, Iy NM w ¢t HHHE
400000 — | | | -




0450

FRVA

0400

S
o
o
ge
O
O
(%]
Q

5
S
-
©
C
9
S
©
c
—_
()
8
m
o
e
el
>
T
©
Q0
o
=
C
©
s
>
o]
el
(O]
—_
()
2
]
o

vy

A

J
0.300

A AR A ARAAIRAA
v

VYRV EVERTRRIEYRIRYRYE]
0350

¥

A
¥
0.250

IR TRIRVATRIATEVAIIANANAIIANANAY

v

| FANEUANANAIANANAITA AN ANN A WA N A

A a
U R ATA A

L A A A I A Y I O O M T

ﬁ+R
dt
!

AR A AR A A

A
YN

0.150

v U V¥V ¥ U ¥ ¥V V¥ v VW ¥V ¥V U ¥ ¥ ¥ ¥ ¥ U

ts

Ircui
V=1L

")
ion
ne7121
") N
pinN
e 7 11 1

Bus 7

SHT

WANS
1

il
fine POI 8 1

o

Jul
fine POL 8 1

i

/w
E

BRk1

Vv
I
|

B

EMT Vs RMS Response — Inductive C
¥

W




pscad.com

Powered by Manitoba Hydro International Ltd.

EMT Vs RMS response — Synchronous Machine Response
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EMT Solution Methods: Circuit Equations — In State-Space form
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EMT Solution Methods: Dommel’s EMT Formulation

Hermann W Dommel : Any circuit element may be represented using
equivalent resistors and current sources

s di
A i v=L—
dt

1 v
v L# v=—f vdt
ﬁ L
: 1 v(t)+v(t—At)]At
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EMT Solution Methods: Dommel’s EMT Formulation

Dommel’s EMT Formulation: Any circuit element may be represented using equivalent resistors and current sources

Capacitor
+  v(t) -
i(t) ”c
dv(t)

i(t)=0C 7

— T ANN—T—

i(t) G

()
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G_zc
AL

IC,history(t) = —i(t— At) — Gv(t — At)

Transformer — Magnetically coupled windings
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EMT Solution Methods: Dommel’s EMT Formulation

Dommel’s EMT Formulation: Any circuit element may be represented using equivalent resistors and current sources
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MA WA
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EMT Solution Methods: Dommel’s EMT Formulation

Dommel’s EMT Formulation: Any circuit element may be represented using equivalent resistors and current sources

Nzelia )
oo G[{ R }u [[Inx1 = [Y]nxn[V]nx1

+E

ob 3 :é [VI=[YIH[I]

Eq
Vs (G, +G3+ Gr1) —Gp1 0 0 0 ' Ry i1
Vg -G, (G, +Gra t Gc1) —Gey 0 0 I1n —Ig1 =11
Vel= 0 —Gey (Goy + G+ Gz)  —Gro —G¢ Iexy =112
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System Y Matrix
e Algebraic equation
* Note the large number of zero elements in the Y matrix
* IfL,R and C elements are constant, elements of the Y matrix does not change
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EMT Solution Methods: Structure of EMTDC Solution Engine

t=0 [
Y DSDYN
System Network
dynamics Solution
N\
DSOUT
t=t+At

DSDYN

* Solves the electrical component
models and control systems models

* Compute the history current terms
before the network solution is solved

[1]=1Y].[V]

DSOUT

* Output quantities after network
solution is solved

o Example: Compute RMS voltage,
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Representing Transmission Lines and Cables

| | €D
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@
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SRS

* Transmission lines have inherent ‘propagation delays’
* The networks at the two ends are eclectically ‘de-coupled’ due to the delay introduced by the line (over the

duration of the calculation time step)
o Ability to solve circuits A and B as independent circuits
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Parametric Analysis — Example: Point on Wave (POW) Impact

A simple example to illustrate the importance of

‘sensitivity’ analysis to find the ‘worst case’. %;LI\ /‘\

Vv
L/
& I =
(A - AN

01750 01800 01850 01900 01950 02000 02050 02100 02150 02200

Voltage
3

Current

di

y=1— - i:%jV.dt
AN /N
Integral is the area under the (voltage) curve = /I \/ \/

"k

=
Area = JV.dt 3 /\/\

-20 -

Voltage
3

Current

01750 01800 01850 01900 01950 02000 02050 02100 02150 02200




pscad.com
Powered by Manitoba Hydro International Ltd.

Network Characteristics: Network Impedance Scans
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lllustrative Simulation Examples

Capacitor Switching

Transient Recovery Voltage (TRV)

Line Energizing

Transformer Energizing

Lightning Overvoltage study example
Black Start restoration Study example
Ferro Resonance

Sub Synchronous Torsional Interactions (SSTI)

W 0 N o U B~ W NNk

Wind/ PV Dynamic response

10. Synchronous machine response
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Modeling Non-Linear Elements

An iron core inductor example (representing iron saturation) — represented with a linear
inductor in shunt with a current source

A (Flux)
— W do dA 1
) (p P Y
V=N~ T l
Vit X I |
| |
A= j V dt | |
| |
| |
Ill llz » | (Current)
Ll LZ 11 12
A Al —_ il - lz A

Dommel’s form




pscad.com

Powered by Manitoba Hydro International Ltd.

Time Scales of Power System Phenomena

Operator actions

Electromagnetic transient modeling and simulation

107 105 103 T 107 1 100 1 103 1 t 108
Timescale (seconds) 1 cycle 1sec 1 min 1hr 1 day
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Characterization of Transient Phenomena

Class Low frequency Transient
Continuous | Temporary Slow-front Fast-front Very-fast-front
LA T
1
Voltage or | 1 'W . ﬂ M
SURANARARLEA
A VAVATAVRTAY Wtz > A
voltage 7 |T VvV
shapes - » -« » - ; T, 11f, 112
I

3ns<7; £100ns

Range of ‘ 10Hz <f 0.3 MHz <
voltage or | /=50 Hzor < 500 Hz 20 us < Ty 0.1us < T <100 EMIH';_)"1
over- 60 Hz <5000 us <20 us ‘
voltage 7t >3 600 s 0,03s < T} T, <20 ms Ty < 300 us 30 kHz < f»

shapes <3600s < 300 kHz
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