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Outline

e Phasor and EMT simulation
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EMT and Phasor Simulation

EMT Simulation

i ' Phasor simulation
(Electromagnetic Transient) asor simulatio

e Full solution in the time domain * Approximated solution neglecting grid electrical dynamics

* Use of real variables e Use of complex variables

* Numerical solution of a system of ordinary * Numerical solution of a system of ordinary algebraic
differencial equations: v(t) = Ri(t) + L d;(tt) equations: V. = Zp,l

* Used by: PSCAD, ATP, EMTP-RV, RTDS * Used by: PSSe, Eurostag, PTI

« Well-known solver: EMTP = EMT program * Phasor simulation works in 50 Hz or 60 Hz rotating

reference: 50 Hz becomes 0 Hz, 51 becomes 1 Hz, etc.

* Trapezoidal rule approximates integral by an : :
P PP & y * Lower frequencies allow greater time steps to be used

average between two time steps. (PSSE uses 8.333 ms).
¢ Common studies: electromagnetic transients « Common studies: electromechanical transients in general
in general and control of power electronics and control of power systems
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EMT and Phasor Simulation

* Trapezoidal rule

Vinicius Lacerda (UPC)
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J ydt = > (y(t) + y(t — At))
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Source: https://www.bragitoff.com/2017/08/trapezoidal-rule-c-program/
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EMT and Phasor Simulation

e EMT — example of an inductor

. t
k dirm Integral format

+ ¢ikm v, =V, — Uy = L 7 > e (t) = G (8 — AL) + —[t—At(vk — Upp)dt

Vi 3 Applying the trapezoidal rule gives:

- bem () = Gm (£ = AD) + = ((vk(t) — v (6)) + (vic(t — AL) — v (t — AD)))

= i (t — Ab) + — (vk(t — At) — v (6= AD)) + — (Ve (&) — vy (D))

o 2
= Inist + 55— Wk () = v (1)) -k
Equivalent representation
Reﬁ” [hist
Circuit theories and network reduction techniques can be m
use to reduce the computation time. ©
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EMT and Phasor Simulation

Simulation time comparison

* EMT

 Phasor

Vinicius Lacerda (UPC)

Gv= i+IhiSt

YV =1

>~ Similar number of computations —

Rule of thumb

Minimum simulation time step
follows Nyquist sampling

At < Tmin/z

To be safe:

At = Tmin/S or Tmin/].o

POSYTYF internal webinar

Phasor is only faster when using
a larger time step

Where 7,,i, is the smallest time
constant simulated, or the fastest
dynamics, either electrical or control



EMT and Phasor Simulation

* RL circuit example | | | l l | | | —
R=1Q0 L=100mH f=50Hz l\f\ T TTVET— ]
: o002 WA Ny
v=05Vt<0.5 i(1) <
wvesos  g—=—— § HIIIAL
L -0.02 |
L 01 v(t)
T=—75=UlS 0.04 | | | | | | | | |
R - 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Time (s)
. - /\ a EMT —
Phasor takes between 37 and 57 to ¢ 002 M TYYYYL ” ﬁ
match EMT : o \v ||
> V V Vi H g
| | Time'(s) | | |
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EMT and Phasor Simu

e RL circuit example

(1)
—>

v(t)

X/R in transmission systems is
normally between 5 and 15

E=1O — 7 =32 ms
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EMT and Phasor Simulation

Time scales of EMT and Phasor

* When PEs are used in transient
stability studies, EMT and Phasor
domains overlap.

* |In this scenario, what would be the
best choice? EMT, Phasor,
cosimulation?

Vinicius Lacerda (UPC)
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Outline

* The modelled systems in Phasor and EMT
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Modelled Scenarios

Scenario 1

10% <
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Scenario 2
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Models

Generator
Governor
Exciter
PSS

Lines

Loads

VSC grid-following

HVDC

Basic building blocks

IEEE Model 2.2
TGOV1

AC4A

PSS2A

Pl lines

Constant Z

2 EMTs and 4 Phasors

Back-to-back

IEEE Std 1110-2019
Used in ENTSO-E 131127 Report [1]
|EEE Std 421.5-2016

|EEE Std 421.5-2016 (previous version of PSS2C)

defined in terms of PQ

detailed next

DC dynamics considered

[1] https://eepublicdownloads.entsoe.eu/clean-documents/pre2015/publications/entsoe/RG_SOC_CE/131127_Controller_Test_Report.pdf

Vinicius Lacerda (UPC)
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Modelled Scenarios

Scenario 2 in Simulink g A

VSC output signals
98 EMT sw ™ P TS lve

VSC [Vs]| |[ls] —»{ control m

m>
a
O

B3 G3
B1
\{IhvV £ Block Block
pu =
-30.66deg. A EMT SW Vabc
B Ref [4— Ref labc [1s]
& Pset 4—- Pset
VI measurement VSC Model Qset <—|_| Qset
VSC Control
Block Parameters: VSC x Block Parameters: V5C X Block Parameters: VSC
G6s Subsystem (mask) Subsystem (mask) Subsystem (mask)
Three-phase VSC model Three-phase VSC model Three-phase VSC model
Parameters Parameters Parameters.
VSC Model | EMT Switching model < VSC Model | EMT Switching model - VSC Model  EMT Switching model =
Electrical parameters  Control parameters ~ Other parameters Electrical parameters ~ Control parameters  Other parameters Electrical parameters ~ Control parameters ~ Other parameters
AC grid frequency (Hz) ‘fg | H qg-axis control mode | Active power - Enable negative sequence control
Grid-side voltage (V)(LL-rms) ‘th | 8 d-axis control mode | Reactive power - Enable frequency droop
Enable AC voltage droop
Converter-side voltage (V)(LL-rms) 8 Switching frequency (rad/s) |wsw1 | g

Enable LVRT

Converter nominal power (VA) [100e6 | PLL filter natural frequency |2pi*40 |
Resistance seen by the converter (p.u) g Current-control bandwidth (rad/s) g Voltage droop (%) ‘2 ‘ :
Reactance seen by the converter (p.u) 8 PQ control bandwidth (rad/s) ‘wpql | g LVRT
VSC equivallent inertia (s) [30e-3 e DC Voltage control bandwidth(rad/s) : initial voltage (p.u) [0.9 [E

Overcurrent factor (p.u) [1.2 | minimum voltage (p.u) [0.5 [E

Vabe filter time constant (s) ‘2"(Uwswl) | 8 max power injected at min voltage (p.u) 8

Frequency droop (%) |10 ‘ 8

Cancel Help Apply Cancel Help Apply Cancel Help Apply

Vinicius Lacerda (UPC) POSYTYF internal webinar 15



Grid-following VSC in EMT and Phasor

* Average-value model in EMT

Control system

. *
z(‘?d

- - +P
Inner-loop |<—@ Outer-loop <"
H
Vd Lqd ng i
: )| To<{PLL
A () <=
76)
d v L
oo ;
= Vabc = :
= 1
Y T | S
* R
Va
b
.|—® - OH—wwrm gvgbc
Ve (K R L
.|—® o VWYY N

Grid connection
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Same
control structure

M

* Phasor (one possibility)

Control system p* 0"
l'qd* + * C{)T
- : Outer-loop do
Inner-loop |<—@
-~ T qu dt
Vgd qd p z 04
: |l 2|70 angle
sL f
R—I__S Aiabc éng%v
b 5
ﬁ abc I_Al
I_O[aﬁia R L L
—— W,
[bLgib R L be
HOH g o Vi 70,
| IcLHfC f\
H S U———

Grid connection
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VSC models created in EMT and Phasor

Electrical (single-line) PLL Outer-loop | Inner-loop dq to abce
R L vo(t) | % P*o* i* i* *
vy s |THE - PLUAIT Lo | 150 - o T ()| modulation [~
VSC! ACfilter | Grid T(6) FQ 2 idg 1o
ve(t) i R L V(1) * Kk * e lqdj q.d* *
- || - P ] ird - ;
emrave | "HFOTW = ] So{pis | - 0".".—' “ el
VSC i AC filter i Grid T(6) FQ lag T 16
I./6; R L P*Q* i* de N
/6 > & 2.4, 3d -q.d* 0.
PM full '“‘@'W = angle P — I sl e, polar&
VSC | AC filter  Grid Q ZZk
I/8ii R L P*o* i* : g%
VAQ 2% q.d Fad 1 Iq’ 0; *
PM I; '||—@—-\AN‘M = angle PO — M — |1+, — — polar&
VSC i AC filter * Grid -
%t R L - . q.dx «
7% /0 * . 1./6;
pmi, | THOw — angle SO s »{polar} L,
£
VSC ¢ AC filter * Grid FQ
I8 R L d *
W% /0 * e jLa* 9:
PM PQ; '||—e—-\/VV‘m - angle _“'R g 1+}qu S o, » polar —b(ICL?)
VSC i AC filter ¢ Grid
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Same closed-loop time
constant
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Time step
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Initialization

Omx

G3

Run load flow and apply result

Block Parameters: powergui
PSB option menu block (mask) (link)

Set simulation type, simulation parameters, and preferences.

Solver  Tools  Preferences
Apps

Power Line Parameters

Specify Decoupling Lines

B1 Functions
VhvV Steady-State Initial State
1pu . : P —
30.66deg. Discrete phasor Machine Initialization Impedance Measurement
fg Hz Ts s. RLC Line Parameters *
. FFT Analysis Use Linear System Analyzer
powergui
Hysteresis Design Generate Report
Customize SPS blocks I Load Flow I

» Load flow settings

Cancel Help Apply

Initial currents, fluxes and field voltage are applied to generators

Block Parameters: Synchronous Machine pu Standard X

Synchronous Machine (mask) (link)

Implements a 3-phase synchronous machine modelled in the dq rotor reference frame. Stator
windings are connected in wye to an internal neutral point.

Configuration =~ Parameters  Load Flow

. Pm Nominal power, line-to-line voltage, frequency [ Pn(VA) Vn(vrms) fn(Hz) ]: |[S1non Vmv fg] H
A Reactances [ Xd Xd' Xd" Xq Xq" XI] (pu): |[1.25 0.333 0.292 1.0 0.292 0.15] [E
o Time constants

d axis: |Open-circuit v

\
¢ B2 B5 i ; of B e P V1 3

< m O Ch
G5 =

q axis: |Open-circuit i

[ Tdo' Tdo" Tqo"](s): [[5 0.002 0.002] E

Stator resistance Rs (pu): ‘0.01 | i

Inertia coefficient, friction factor, pole pairs [ H(s) F(pu) p()]: ‘[6 02] | H

Initial conditions [ dw(%) th(deg) ia,ib,ic(pu) pha,phb,phc(deg) Vf(pu) ]: | H

[ Simulate saturation Plot

Synchronous Machine
pu Standard

[ ifd; vt] (pu): 156,1.082,1.19,1.316,1.457;0.7,0.7698,0.8872,0.9466,0.9969,1.046,1.1,1.151,1.201]

lT‘ Cancel Help Apply
POSYTYF internal webinar 18
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Initialization

Governor

Block Parameters: Speed Governor
A Subsystem (mask)
B A
¢ Parameters

Controller droop (R) \0.05 | i

B1
VhvV
1pu
-30.66deg.

Governor time constant (T1)(sec) \0.5 | :

G1 gen _> Pref Turbine derivative time constant (T2)(sec) :
TGOV Pm b Turbine delay time constant (T3)(sec) |10 i

Py ’ dw Frictional losses factor (Dt) |0

|
|
Minimum gate limit (Vmin)(p.u) |0 | i
|
|

Speed Governor | Maximum gate limit (Vmax)(p.u) |10

7 Initial power (p.u)
Cancel Help Apply

Exciter

*a| Block Parameters: SEXS b4

Subsystem (mask)

Parameters

Controller gain (K) |200

Filter derivative time constant (Ta)(sec) _ i

»| Vref Filter delay time (Tb)(sec) |ID

> Ve AVR EfdH Exciter time constant (Te)(sec) |D.05

|

|
Controller minimum output (Emin) \-4 | i

|

|

> Vs

Controller maximum output (Emax) |4

SEXS Initial output (p.u)

Cancel Help Apply

Vinicius Lacerda (UPC) POSYTYF internal webinar



Initialization

B1
VhvV
1pu
-30.66deg.

Omx

G6

Substitute the VSCs by voltage sources

O o >0 o>

Vinicius Lacerda (UPC)

o C

G11

Block Parameters: G11 power flow >
Three-Phase Source (mask) (link)
Three-phase voltage source in series with RL branch.

Parameters  Load Flow

Generator type: PV

Active power generation P (W) |58non*GSgen
Minimum reactive power Qmin or [Qamin,Qbmin Qcmin] (var) |-inf
Maximum reactive power Qmax or [Qamax,Qbmax Qcmax] (var) [inf

< >

Cancel Help Apply

The same can be done using a Matlab script

set param([prjname blockname2], 'vscmod', 'EMT Average')
set param([prjname '/powergui'l,'SimulaticnMode', 'Discrete’)

set param( '"JSC_m-:nde'__-::uthe:_Phas-::u:s.f’HL-::uaclE.M'I"  'commented', "off')

set param( '"JSC_mocLe'__-::uthe:_Phas-:urs_.f’HL-::uaclPhas-:u:' , 'commented', 'on')

POSYTYF internal webinar

LF = power loadflow('-vZ2',modelname, 'solve', 'report','PF resultl');




Outline

* Examples and simulation guidelines

Vinicius Lacerda (UPC)

POSYTYF internal webinar
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Suitability of each VSC model

GO Bus9 Busl Bus 2 Bus 5 Bus 4 Bus3 Busl1l G2
33 km 100 km 100 km 33 km
- <«~H 33k o
22 kV ‘GD"_@ Gl < <~ o » 22kV
220 kV Bus 10
1 GVA us 10 9% _ N 500 MVA
700 MVA VSC2 =
50 MVA VSC 1
100km B0 100 km 100 MVA
TABLE 1
G3 TESTS PERFORMED
Bus 12
<l 22 kV
500 MVA 1
200 km Small system Large system Variables
Setpoint tracking ° Pac, t4q
Harmonics ° ldg» Vdq
Frequency/Voltage deviation ° FVabe
Symmetrical faults . ldgs Vdg> Les Wm
SG 220 KV VSC Asymmetrical fgults . . ldgs Vg Te, wm
Loss of generation ° ldg> Vdgs Le, Wm
I 40 km 30 km I @_ v Line outage . idgs Vdgs Tes Wm
< = Simulation time steps from 5 ps to 12000 ps
22 kV 50 MVA 22 kV
500 MVA 100 MVA

Vinicius Lacerda (UPC)

POSYTYF internal webinar
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Suitability of each VSC model

EMT AVG
PM full

PM I,

— — _.PMI,

— _ __PM PO,

Ref (EMT 5us)

-2000 = 1 1 1 1 1 | 1
0.59 0.6 0.61 0.62 0.63 0.64 0.65 0.66 0.67
0 PM full
b) 250 ps PM 1,

N -500 ———-PM I,

< — — _ PM PQ,

- -1000 Ref (EMT 5pus)
-1500 L EMT AVG not shown due to very high error
-2000 k& L ! ! 1 1 | I

0.59 0.6 0.61 0.62 0.63 0.64 0.65 0.66 0.67
0 A PM 1,
\ c) 2500 ps ———-PM I,
N -500 | — — —-PM PQ,
< 1000 Ref (EMT 5ps)
ol EMT AVG not shown due to very high error
PM Full show ' 1y high e
-1500 |
-2000 L O S S S —

0.6

0.61

Vinicius Lacerda (UPC)

0.63 0.64 0.65 0.66

Time (s)

0.62

0.67

(%)

RMS

10-2 Lo

10!
o
o 107

101 2

EMT AVG
PM full
PM I,
—— —-PM ]

— — —-PM PQ,

I\I

[ |||||\|

102 103
Simulation time step (us)

10

RMSE (%)

POSYTYF internal webinar

Simulation time step (us)
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Suitability of each VSC model

0.8 10
m |
—_ 0.7 5L | |
= | _ - M
) = e I
o 0.6 EMT AVG — 0 PM full
= PM full N PM I,
(o) 0.6
& PM I sl — — —-PM I,
H 05 ———-PM ], —— —-PM PQy
0.5 — — —-PM PQ, Ref (EMT bHus)
L L L L L L R f EMT 5 _10 | | | | 1 1 1 1 1
04 | |1 wufz 13 14 3p . Ref (EMT 5ps) 24 25 26 27 28 29 3 31 32 33 34
2 6 0 12 14 16 18 20 Time (s)
Time (s)
Test 3 — I, simulated by each model at 350 ps.
Test 2 — T'e simulated by each model at 25 pus. =00
- EMT AVG
| ~— 400 PM full .
0k Q
g : , PM I,
+ 2 300N\ (10 us —~165 s S
= -2000 PM full g — ——PMPQ,
i PM [, = 200 + s
T -4000 - —— _.PM I, = (100 ps — 17.2 5|
———-PM PQ, g 100 / :
-6000 - Ref (EMT 5pus) )
2.4 25 26 27 2.8 2.9 3 3.1 oy e Y
- - - L - - ' 10 10? 103 10*
Time (s)

Test 3 — 49T simulated by each model at 600 s.

Vinicius Lacerda (UPC)

Simulation time step (us)

EMT and PM models simulation times for several time steps.

POSYTYF internal webinar
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Suitability of each VSC model

L5l PM full 0
' PM I, \ PM full
—~ —_— — — -PM Ig PM Il
= 1F — — — PM PQ, ’3-20— ———-PM I
2 | Ref (EMT 5ps) B ——— PMPQ
Sl ||| e : Fif (EMT 50
= 2 e i~~~ s S a0l
3
- ol
| | | | | | | | | _60 | | | | |
24 26 28 3 32 34 36 38 4 42 0.6 0.6 0.64 0.66 0.68 0
Time (s) Time (s)
Test 4 — T simulated by each model at 350 us. Test 5 — P,. simulated by each model at 850 ps.
0
-0.2 — PM full
. = -401 PM 1,
= 04 =3 ———-PM
+ o6l 1 z Ref (EMT 5us
4 0.6 Cur = .
0.8} | ———-PMPQ, 2
f Ref (EMT 5us) g
1 1 | 1 | 1 I I < -100 |
4.9 g 51 52 5'3, 5-4 5:5 5-6 5.7 58 4.9 5 5.1 5.2 5.3 5.4 5.5 5.6 5.7 5.8 5.9
Time (s) Time (s)
.d .
Test 3 large system — VSC 1 4“7 simulated by each model at 850 ps. Test 3 large system — VSC 1 P, simulated by each model at 700 ps.
Vinicius Lacerda (UPC) POSYTYF internal webinar 25



Suitability of each VSC model

Frequency (Hz)
\ EMT
% T 11; E] Block Parameters: VSC
o 5 4 Tavelling waves A Subsystem (mask)
= 10 o . .
jo Switching transients UiEsiiass e
2 Parameters
= 10%
B Line enercization VSC Model |Phasor I-ref
ok & PM full clectrical {EMT Switching
9 Capacifor Switchin PM / EMT Average
5 108 P . : A AC g1id fePhesor QuasEMT
, . PM ] asor I-
g B \ Converter control I?M PQ B P\["/ISC Grid-side vddiEE NG =
= S ] asor m Phasor PQ-1st
£ 102 Short-circuits | ref Converter-side Voltage (V)(LL=Fms) ViV :
=
= | Steady-state power flow C Converter nominal power (VA) ‘Sﬁnon ‘ :
]
1
= 10 Subsynchronous resonance S Resistance seen by the converter (p.u) |Rtpu E
B / Y Vv C Reactance seen by the converter (p.u) |tiu ‘
- 0 . -
H 10° 'Y Transient stability Y VSC equivalent inertia (s) |30e-3 \
é“ i
= o * ok ]| concel || nep ||
iy - nce e
gt > Interarea oscillations P ==
1 Y
Z =102
2 10
Q — - - -
Mid-term stability Suitability
- 10-3 / A
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Questions?

Phasor and EMT modelling and simulation of POSYTYF scenarios
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