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System overview
System overview
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Thévenin equivalent
Thévenin equivalent

1
Xin I=i,+ji,
1 100
X = = —— = 0.0167 pu
En L0, @ V=1v,4jv, th 55;; 6000
|
Sec: short-circuit power! Spase: base power of network = 100 MVA
Etn L0 = % +j Xthl_
<~ Eth COoSs eth +_/ Et/-, Sin ch = (VX +_/ Vy) +J Xth(ix +_[ Iy)
Algebraic-only model:
EincosOuyy — vie + Xeniy, = 0
Eth sin gth —Vy = Xthix =0

Imore precisely: contribution of Thévenin equivalent to short-circuit power at bus 1
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Synchr s machine

Round-rotor machine

typical of thermal power plants

axis of
phase a

direct

quadrature
axis | i

f: field (or excitation) winding
di: direct-axis damper winding
g1, §2: quadrature-axis damper windings

Synchronous machine

After applying Park transformation:

d axis
/ axis of

i phase a
’/
d q axis
if %
@@ <N

3-phase stator replaced by d, g windings.
Inductance matrices:

Ly + My My My
Ly = My Ler + My My
My My Leg1 + My
[ Lo+ Mg M, M, }
Lg = Mq Leg + Mg Mg
Mq Mq Legz + Mg

@ independent of rotor position
@ d and g axes decoupled

@ in per unit, using the proper base, s



Synchronous machine

Magnetic saturation of material

Open-circuit characteristic:
@ machine operating at no load, rotating at nominal angular speed

o terminal voltage E; measured for various values of the field current if

E, 2B .
o I
Myip
/Ay
0] if
OA OA
Saturation factor : k= — = 1
OB ) O'A
A standard model : k = ———— m,n >0
1+ m(Eq)"
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Synchronous machine

Electrical part of model in (d, g) reference frame with phasor approximation

Vg = Loig +Yag Vg = Liig+1bag
pr Loir + vag Yq1 Logiig + ¥aq

Va1 = Legiiar + Yad Yoo = Legiga + Yaq
Vag = Mg(ig+ i + ig1) Vaqg = Mglig+ i + ig2)
M u
Md = d 5 Mq — MCI -
1 m (/02 +v3) Lo (o + 02,
1 d . 1 d .
@wa = vr— Rrif mad’ql = —Rgilq1
1 d . 1 d
o dt'l/Jdl d1id1 o dt Y2 q2lq2
. dy . di
va = —Rsig— w'l/)q - Gt Vg = —Ralq =+ W’(/)d — dtq

M} (resp. My) non-saturated value of My (resp. M,)
Yad (resp. ©aq): air-gap flux in d (resp. q) axis

all variables in per unit, except time t

wy = 27y fn: nominal frequency
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Synchronous machine

Connecting the model to the (x, y) reference frame

Wref t

—_— comimon a.llgle
reference d: “rotor angle”

1 d w . .
5= ref w: rotor speed in per unit

d . .

2H Ew =Tm—Te=Th— (T/)d’q - ¢q’d)

T.»: mechanic torque given by turbine

Te: electromagnetic torque opposed by machine
3y

Sn
I: moment of inertia of all rotating masses
Sn: nominal apparent power of machine (in MVA)

inertia constant (in s)

p: number of pair of poles
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Synchronous machine

Data
Sy =500 MVA Uy =15 kV
stator (or armature):  resistance R, = 0.  leakage react. X, = 0.15 pu
synchronous reactance®:  d-axis Xy = 2.20 pu g-axis Xq = 2.00 pu
transient reactance™:  d-axis X/, = 0.30 pu g-axis Xc’, =0.40 pu
subtransient reactance*: d-axis X/ = 0.20 pu g-axis Xg' = 0.20 pu

open-circuit transient

time constant*:  d-axis T}, =7.00s g-axis Tg, =1.50's
open-circuit subtransient
time constant™:  d-axis T, =0.05s g-axis T, =0.05s
saturation m = 0.10 n = 6.0257
inertia: H=4s

*used at initialization to obtain Lyf, Leg1, Mg, Re, Rat, Leg1, Lega, Mg, Rq1, Rq2
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Speed governor and steam turbine

Speed governor and steam turbine

B Zmaz
Zmaz I~
2O L e —— L L :
+ * _ o 1+ sTmes | — E]
B control valve opening
1 1 1 Pm LP
— — ™ —— ™= S = S
14 8Ty 1+ 5T, 1+ sTi,
high pressure stage reheater low pressure stage +
and medium . + Pm T
pressure stage o f, f)_» m
intercept mp Pm MP
valve opening +T
Pm HP
Turbine nominal power P, = 460 MW. All variables in pu on the P, base.

0=004 Tpes=01ls Ts,=045s

Zmin = —0.05 pu/s  Zmax = 0.05 pu/s  Zmin =0.  Zpax = 1. pu
Thp=03s fr, =04 T,=50s fp=03 Tp=03s ivo=1
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Automatic voltage regulator, excitation system and overexcitation limiter

Automatic voltage regulator, excitation system and

overexcitation limiter

w Kpss 1+ 5Ty 1+ 5Ty dvpss
" - -
1+ 5T, 1+ 5T, 1+ 8T, v
Power System Stabilizer (PSS)
1+ sT,
1+ 5T,
transient
gain
reduction exciter
iy
ifm OverExcitation Limiter (OEL)
All variables on the base (voltage and current) of the excitation system.
G=70. T,=Tp=1s Te=04s v/""=0. v/ =5pu

Tw=5s T1=T3=0323s T,=T,=0.0138s C =0.06pu

iim=290pu i =1.00py Toy=125 Ko =20

If1 =
Ll =-11 L2 =0.1 L3 =0.2 pu

Kpss = 50
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Load
Load

bus 3 Induction motor model :
LTC
7’<—----: Ry Wref(Lss — Loy) Wref(Lrr — Lgy)
i power [ WrszT
Vs factor —— — ¢
? correction Wref Lsr Wref w
capacitor
constant
admittance smal| large dw
motors Dynamics of rotor speed : 2H—— = T, — Tpo(Aw® 4+ B)
60% 20% 20 % dt

Constant admittance load: P = GV2 = P,(V/V,)? Q= —BV2=Q,(V/V,)?

*

MS: equivalent motor representing a population of “small motors” *:

R =0.031 L,s=330 L,=320 L,=338 R,=0.018pu
H=07s A=05 B=05

ML: equivalent motor representing a population of “large motors” *:

Rs =0.013 L, =3.867 L, =380 L,=397 R,=0.009pu
H=15s A=05 B=05

*values in pu on the motor MVA base 11/15



Load Tap Changer (LTC)

bus 3

LTC Range of variation of ratio r:
@ minimum: 0.81

@ maximum: 1.10

-
w5

@ number of tap positions: 30

Voltage control logic:
constant

admittance small large if Vo < V3 — € decrease r by one position
motors ) ) .
60% 20% 20 % if Vo > VP + € increase r by one position
else leave r unchanged
ro1 Xigo
bus 3 bus 2 VY =1.00 pu e =0.01 pu

Delays:
@ before first tap change: 25 s
@ between successive tap changes: 10 s
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Operating point # 1

1.015637
L 6.86 2 4

1.01837
O

1.02000

0.00 _ -
Voltage magnitudes (pu) i Btk
Voltage phase angle (deg) 1.00377 2 S 16.28
Transformer tap position 1.84

149.4 225.0
1 218 3 3.2

o L

—_— 149.4 225 0

-205.2 -21.8

38.5
Active power (MW) 2 ggOE)O
Reactive power (Mvar) ;8%0
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Operating point # 2

1 ey g
1.01799

O

1.05000

0.00 -
Voltage magnitudes (pu)
Voltage phase angle (deg) 0.99992 2 5 11'.22000
Transformer tap position -7.66

-50.3 150.0
1 481 3 12.4

-— —

OF——

— -50.3 150 0
101.2 -48.1 124
60.3
300.0
Active power (MW) 2 52.6
Reactive power (Mvar) gg%o

14 /15



Operating point # 3

1 0.09803 3 4
3 1.01278

O— 7.92

1.05000

0.00 ) L
Voltage magnitudes (pu) 1.05000
Voltage phase angle (deg) 0.99828 2 o 291
Transformer tap position -18.52

-200.4 150.0
1 375 3 102.8

O —

— -200.4 150 0
407.6 -37.5 102.8
101.1
300.0
Active power (MW) 2 246.6
Reactive power (Mvar) 17888
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