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* Modeling the excitation control system (AVR) of a generator
* Influence on angular stability and power system stabilizer (PSS)

* Reactive power compensation and control

» References:
— Saadat’s Chapters 12.6-12.7
— Kundur’s Chapters 5.4, 8 and 11.2
— EPRI Tutorial’s Chapter 5
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e Equipment security:

— Voltages at terminals of all equipment (of either utility and customers) in the system are
within acceptable limits to avoid damage

 System stability:

— System stability 1s enhanced to maximize utilization of the transmission system.
(Voltage and reactive power control have a significant impact on system stability.)

e Transmission efficiency:

— The reactive power flow is minimized so as to reduce RI? and XI? losses to improve
transmission system efficiency, 1.e. leaving the room mainly for real power transfer
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Figure 6.21 Power transfer between two sources

» Reactive power flows from the high voltage side to the low voltage side.
 But reactive power cannot be transmitted over long distances because

— 1t would require a large voltage gradient to do so, and

— an increase 1n reactive power transfer causes an increase in Q. as well as P
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The unit of reactive power is

although Var, VAR and Var
are also used.



Methods of Reactive Power and Voltage Control

M Supply Q Absorb Q » (Generators:

Y Y — Excitation control systems with automatic
Synchronous generator (Over-excited) (Under-excited) Voltage regulators ( AVRS)
.  Other control devices
Overhead lines Y Y

— Sources or sinks of var, e.g.

» shunt capacitors,

Underground cables Mostly

 shunt reactors,
Transformers v * synchronous condensers,

» static var compensators (SVC)
Loads Mostly — Line reactance compensators, €.g. series

capacitors
— Regulating transformers, e.g. tap-

Compensating devices Y Y & & » ©-5- 1ap

changing transformers and boosters.
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Excitation Systems of Generators

* The basic function of an excitation system 1s to provide direct current to the
synchronous machine field winding.

* In addition, the automatic voltage regulator (AVR) with an excitation system
performs control and protective functions essential to the satisfactory performance
of the power system by controlling the field voltage and thereby the field current.

R, wﬁq% L, Mp-L,
-/ NF
LA N N

b fal iy 1 ( iy

e Py, % Ly +

Py,

Field current
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Performance Requirements of Excitation Systems

* On the generator:

— Under steady-state conditions, the excitation system should supply and automatically adjust
the field current of the synchronous generator to maintain the terminal voltage as the output
varies continuously within the capacity of the generator.

— Under disturbances, the excitation system must be able to respond to transient disturbances
with field forcing consistent with the generator instantaneous and short-term capacities

— In either case, heating limits (e.g. due to resistances that carry |, or I;;) should be concerned.

* On the power system

— The excitation system should contribute to effective control of voltage and enhancement of
system stability under both large and small disturbances.
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Figure 5-44. Actual Hydro Unit Reactive Capability Curve

End region heating limit (due to heating caused
by end-turn flux in under-excited conditions)
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Elements of an Excitation Control System

P TTTTTTmmemT AT ! | Limiters and E

: Excitation Automatic voltage ! E protective circuits .—‘ !

| system regulator (AVR) : | :

: ! ! ® |

E 1 | E Terminal voltage !

| ensor | | = |

. Ge ‘field Voltage s ! ! transducer and |

: X > load compensator !

Steam | by : 2 ©) i
jinthhtsain I 1 1

) ! m { | ! To power |

— >< Turbine : Iw =y s ' Ref. Regulator Exciter Generator system |

| ! | | |

AP v : L 1 | :

: AP, AQG | | [ @ |

| St et i Sl e T . e R L T e e e S s R A I : :

Valve control APy | :

mechanism ! Power system [, :

| stabilizer !

APs | Load frequency Frequency ! :

control (LFC) sensor ! |

i Figure 8.1 Functional block diagram of a synchronous E

Pl 121 ! generator excitation control system !

Schematic diagram of LFC and AVR of a synchronous generator.

1. Exciter provides dc power to the generator field winding
Regulator (AVR) processes and amplifies input control signals for control of the exciter

3. Terminal voltage transducer and load compensator helps maintain the terminal voltage and the voltage at a
remote point at desired levels

Power system stabilizer (PSS) provides an additional input signal to the regulator to damp system oscillations

5. Limiters and protective circuits ensure that the capability limits of the exciter and generator are not exceeded.

© 2021 Kai Sun



Excitation Control System/AVR Model (mm—mmmmmm - \

Exciter
 Simplified linear model (ignoring saturations with +
the amplifier and exciter and other nonlinearities: Amplifier VR
il
Veerlsy ™\ Velo) [T VRGN 2 1) x| %), e
iy i f s | e e ? Smbilizer}_';::_-_'j_-_j

L

'Ve(s) Amplifier Exciter Generator LR b

i :
Senggr” | Rectifier %——
|
| Kﬁ P
l4+7Rrs |

What is 75?

— Rectifier/Sensor model:

* 7, is very small, e.g. 0.01 to 0.06s Mh——— : -

. Ai d-axis

— Amplifier model: Ay, ='d Aey

« K,=10 to 400, 7,=0.02 to 0.1s b i ERTINK ’
— Exciter model:

* 7 1s very small for modern exciters
— Generator model: AV (s) SAY,(S) P S(1+sTy,)

~ 0 ’ "
« K;=0.7 to 1.0, 7;=1.0 to a few seconds AV (s) Ae, (S) (1+5T40)(1+5T

from full load to no-load
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Vrﬁf(s) L’;(S)ﬁ K VR(S) Kg VF(S) Ko Vt(‘s)

| 1+7as "l T+7Es | 1+7gs 7
~ Ms(s) Amplifier Exciter Generator
Sensor
15 b
147Rs N
: K,K.K.K
* Open-loop transfer functions: KG(s)H(s) = AYE G 'R

(I+7,8)A+ 7)1+ 75S)(1+75S)

e Closed-loop transfer functions: Vils) _ KaKeKg (1 +7¢S)
Vie () (14 7,8) A+ 7)1+ 765)(1 + 758) + K K K Ky

(KeKgKg~1)

* For a step input V ,(s) = l, using the final value theorem, the steady-state response is
S

KAKEKG -~ KA

V. ~
1+K,K K. K, 1+K,

tss

IfKy—00, V=V,

tss r

= lim sV, () =
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Saadat’s Example 12.6

Example 12.6  (chpl2ex6), (sim12ex6.mdl)

The AVR system of a generator has the following parameters

Gain Time constant
Amplifier K4 74 =0.1
Exciter Kp=1 =04
Generator Kg=1 7¢=1.0
Sensor Kr=1 7r=005

(a) Use the Routh-Hurwitz array (Appendix B.2.1) to find the range of K4 for
control system stability.
(b) Use MATLAB rlocus function to obtain the root locus plot.
(¢) The amplifier gain is set to {4 = 10

(1) Find the steady-state step response.

(ii) Use MATLAB to obtain the step response and the time-domain perfor-
mance specifications.
(d) Construct the SIMULINK block diagram and obtain the step response.

Substituting the system parameters in the AVR block diagram of Figure 12.30 re-
sults in the block diagram shown in Figure 12.31.

Vies(s) /N Vels) [ e Vel [ Ve [ 3| o)

1+4+0.1s 1+0.48 1+s

Vs(s)

1
1+0.05s

FIGURE 12.31
AVR block diagram for Example 12.6,
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The open-loop transfer function of the AVR system shown in Figure 12.31 is

Ky
(140.1s)(1 + 0.4s)(1 + s)(1 + 0.05s)
o 500K 4
~ (s +10)(s +2-5)(s + 1)(s +20)
_ 500K 4
514 33.55% + 307.552 + 775s + 500

KG(s)H(s) =

(a) The characteristic equation is given by

500K 4 2
T+ 33.55% + 307.552 + 775ss + 500

1+ KG(s)H(s) =1+

which results in the characteristic polynomial equation
s* +33.55% + 307.56% + 7755 + 500 + 500K 4 =0

The Routh-Hurwitz array for this polynomial is then (see Appendix B.2.1)

st]1 307.5 500 + 500K 4
s3 | 33.5 775 0

s% | 284.365 500 + 500K 4 0

sl | 589K 4 —T16.1 0 0

s0 | 500 4 500K 4

From the s! row we see that, for control system stability, /4 must be less than
12.16, also from the s° row, K4 must be greater than —1. Thus, with positive
values of K 4, for control system stability, the amplifier gain must be

Ka<12.16
For K = 12.16, the auxiliary equation from the 52 row is
284.3655% + 6580 = 0

or s = +4j4.81. That is, for K = 12.16, we have a pair of conjugate poles on the
jw axis, and the control system is marginally stable.
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Harmonic oscillator

X—D-Xx s+ —s+ —=20

¢ — Damping ratio
s> + 2w s+w > =(5—5)s—5,)=0

@, — Natural frequency

It has two conjugate complex roots and its zero-input
response 1s a damped sinusoidal oscillation:

j(ﬂl
S O 0y 1-¢* Sl,Szzazlzjw:—Cwn:l:jwn\/l—C2
i m-’l ot _:
D . X(t) = Ae” sin(wt + )
~{w, = Ae ' sin(w ty1—C* + @)
E Damping angle
S, ® SR { 1;(2] The time of decaying to 1/e=36.8%:
1
r=-1/0=—
© 2021 Kai Sun o,
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Excitation System Stabilizers

» Rate feedback

\ j 147458 1+7Es 1+7gs
g Amplifier Exciter Generator
Stabilizer
Kp
\\l—y
Sensor
Kp
14+7Rrs
FIGURE 12.35
Block diagram of the compensated AVR system.
 PID control (sim12ex8.mdl)
R
Viey (s V/{ K K. Ve[ g |VE[ k. [Vi(s)
®> 14—7}1.‘; 1+'r‘?;s 1+T{z;s
- Vg PID Amplifier  Exciter = Generator
Sensor
Kp
1+'-"HS

FIGURE 12.38
AVR system with PID controller.
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K,=10

Terminal voltage step response

1 T T T T T T T T T
0.9 _
0.8 .
0.7 _
0.6 T
0.5 T
0.4 |

Kg=0.2 T-=0.02

0.2 _
0.1 T

0 1 1 1 1 1 1 1 1 1
0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

t,s
Terminal voltage step response

1.2 T T T T T T T T T

0 ISR SUUNUUNRS NSNS SUOOOOS USSR SO SN
ek ........... ......... .......... .......... .......... .......... .......... .......... ......... i
. ] S T S S S ST N L |

) Ke= K =0. 25 KD 028
[ ) S B R R ............................................................... , ........ —
zbe S .......... ........... .......... .......... .......... .......... .......... ........ i
Ua DI2 DI4 DIEi DiEl 1I 1?2 1|4 1|5 1?8 2

t, s
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Stabilizer Design for AVR

* See Example 7.8 in Anderson’s “Power System Control and Stability” for details on choosing K and 7

o [ K Yo T>1
‘ﬁ'?g X—*:gﬁ-——%—-—o—-—x 32(0
Cose 1 A Cose 18
I ’¢ |
T 0.05<t.<1 i
X — O X ! X X X
KGH = KK s(s + 1/75)(s + 1/13) + (KeKg7p/Tp76Ke)(s + 1/75) -0z, 10 -«in-1 Z, 7, -20
TTeTe (8 + 1/7)(s + Kg/7e)(s + 1/76)(s + 1/7e)(s + 1/7R) =
Case 11 A Cose |1 B

e (5 + 10)(s = 0.1)(s + 1)(s + 1/7e)(s + 20) | :
: Case 111 B !

[ | .

Substituting the values 7, = 0.1, 7, = 0.5, 7, = 0.05,7; = 1.0K; = -0.05, K; = 1.0, | ' :

and K; = 1.0, 1< 0.05 1 : I
6—0- X X X OO X Xt X X

KGH = 20K, Kr s(s + 1)(s + 20) + 20(7¢/Kp)(s + 1/75) (1.61) 9 2, - G0 w7, ( ::)"0‘26 gl A > I

Zs

Case [l A

The stabilizer adds a new pole at —1/z (Kp/7F)[s(s + 1)(s + 20) + 20(s + a)]

(s + 20)(s + 10)(s + I)(s — O.1)(s + a)

Fig.7.57 Root loci of KGH = 20K,
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* L, ,-base Reciprocal per unit system: armature terminal voltage E; 1s
around 1.0 pu under normal operating conditions, but exciter output
voltage e;4 (i.e. field voltage) in pu is very small (~0.001 pu)

* Non-reciprocal per unit system, as an alternative:

— 1 pu field voltage E;; produces rated armature terminal voltage E, on
the air-gap line

— 1 pu field current I corresponds to rated field current iy

: 1
by ~ —— Pu I,=1L_i
fd l
L, fd adu"fd
R L
_ : fd _ adu
€u = Ryly ~ —— pu Eu = %%
adu fd
See Example 8.1: Exciter model

R=0.0006 pu, L, =1.66 pu

pu system

Non-reciprocal |

i.;=1.565 pu, e;;= 0.000939 pu

Eg
T

pu E

1.0

Air-gap line, slope = L,

/ o

e; = 'quq =0
E =e, =L,i,=10 pu
pu ifd
llLadu pu Ifd
1.0
PU conversion Sync. machine
=(R.,JL ,)E 1 model
€ = (RylL,)Ey i Reciprocal
ta = Ll L oa, g pu system

Figure 8.22 Per unit conversion at the interface between excitation
system and synchronous machine field circuit

© 2021 Kai Sun
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Detailed excitation system model
with load compensation

- AVR --G . |

With positive (or negative) R and X, the voltage at
a point within (or outside) the generator is regulated.

! B . |4 1 4
: T v, =|E+R.+iX )] >_.C" .
i

Load compensator Voltage transducer

Figure 8.38 Terminal voltage transducer and load compensator model

© 2021 Kai Sun

Generator Step-up

Field Armature transformer

O |E I Q é IHT bus
CT To power
g Hi—’T e [0 pon

P
Load compensator

R X

(4 C |

Exciter Voltage

regulator

Figure 8.16 Schematic diagram of a load compensator

d

ref
Amplifying stages Exciter
plifying stages  \/ E,
G, G, - G,
Other H 1T
signals N
Minor loop
H, |- stabilization
Major loop stabilization
H, |<

-

Figure 8.39 Structure of a detailed excitation system model
18



DC Exciter

d(Lef Ief)
dt

E
R_X—I— EXSe(EX)

g
dE,
dt

L dE,
R, dt

g

Eef = Ref Ief = Ref +

E(-:‘f = KEEX + EXS(-:‘(EX)—i_TE

Ve

L)
&)

&— =

V.

X

V,=EySc(Ey)

N

Commonly used representation: V,=A_, e

BpyEy

Figure 8.26 Block diagram of a dc exciter

Air-gap line
........ Open circuit curve
i Constant-resistance
load-saturation curve

X0

Operating point

/]

E E
———Ief :R_X+A|ef :R_X+Exse(Ex)

9 I, 9

AL,

Ie 2 O

Figure 8.24 Exciter load-saturation curve
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Separately excited DC Exciter

Main generator

(DC generator)
d Alef - -_'L:f,’_is!ﬂf?’ 7y alternator
ef e c terminals
dt air 4
pole
/
— ¢000 b pE=——o rotor
pilot exciter /
A—
25 kW

/Excitnng coil

\ brush F—

ship ring

3-phase stator winding

commutator
main exciter
2400 kW, 400 V
3-phase alternator
500 MW, 12 kV, 60 Hz
R-ff Field Armature Ry

o o r X
| Eef
E, V,
: 4

O o

Figure 8.23 Separately excited dc exciter

R
K. =¥
E R

4

VR: Eef

Figure 8.27 Self-excited dc exciter

R
K. =

4
E
Rg
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IEEE Type DC2A Excitation System Model: ESDC2A

Alternate UEL Inpuis

Voltage

VU'EL

transducer; . __ vELz2 uUEL<2

VU'EL

t ———
VCI

= < V
=|E,+ (Rc+jX ), | =

(VgL - Under-excitation limiter output)

if exclim ==
then limit = 0
else unlimited

Vi Veaax
1+, HY x, 1®+
1+5T; | (5) Gate 1+5T, Vi
V?T RMIN
(Taking the
bigger input)
From PSS Ve
States
1-BE, | @ [ sk
2 - Sensed \E"t 1+s5T,
3-Vy :
A-VE Lot s et s e bbb e R R e e R AR R AR R e AR R R R bR bR
5 - Lead-Lag

Model supported by PSSE but always assumes values of spdmlt = 0, UELin = 0, and exclim =1

Model supported by PSLF
© 2021 Kai Sun

1 -—E lSpd.mlt

V, = EFD-S, (EFD) |._4

Other
signals

Speed L P e T

Amplifying stages v
R

G, G,
H -J

B}
Minor loop
H, stabilization

Major loop stabilization

Figure 8.39 Structure of a detailed excitation system model

i Form Edit - ESDC2A
' BUS
I

IE

: TB 0.0500
4 KE  0.1670
Fl 2.7429

MVA Base

TR 0.0200
TC  0.5000
TE  0.9430
SE(E1)  0.1987

Status |j|

Area 703 Zone 786

K&  50.0000 TA 0.0200

VRMAX 2.9100 VRMIN -2.7300

KF 0.0200 TF1 0.1300

E2  3.6572 SE(E2)  0.9843
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AC Exciter (Brushless Excitation)

* Electronic rectifiers replace the commutator, slip-rings and brushes

AC exciter

stationary field

Main generator

Figure 16.8
Typical brushless exciter system.

© 2021 Kai Sun

alternator

Q stator g alternator
I 3 phase r qap . '_',C terminals
Cc
— - , ole
bridge P
rectifier
Ix
/- " o _rotor
r
pilot exciter :; N —
.exciting col
\ - S — ~
N\ -]
3-phase rotor —
iigiiii] 3-phase stator winding
main exciter
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IEEE Type AC2A Excitation System Model: ESAC2A

States

1-V,

2 - Sensed V, Farm Edit - ESAC2A

3-V, IBUS
4-v, [ 4
5-V; KA 400,0000
Model supported by PSSE but always assumes value of spdmlt =0 KE 1.0000
Model supported by PSLF but always assumes value of spdmlt = 1 VEEMAX 18,5000

kiZ 0.a400

SE(E1) 0.0700

Status [:::::::::::]

© 2021 Kai Sun

Speed

lSpdmh

1—e
°)

Rectifier
regulation
model

Bus (B 27721

TR
TA
WRMAX
kKH
kD
E2

0.
0.
47,
0.

oooa

nzoo

S0ao

oaao

.3500

. 0400

0.

TE
WAMAX
WRMIM
KF

KE
SE(EZ)

115.

-38.

ooao
oaao

3000

. 0300
.oooog

2200

Zone 339
TC 0.0000
WAMIN -115.0000
TE 0.3000

TF 1.0000

El 4. 5300

M8, Base
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Influence of excitation control on angular stability

2 —
2H d 5 _ T —T (5 ) . AT _ AT ATe: ATS + ATD * KS B KS(A'//fd)+KS(gen & network)
d 2 m \0, 0, ) = m e Ko =K. av. +K
@, t ~ KS A + KDA(DI’ D D V) D(gen & network)
Usually9 KS (gen & network)>09 KD (gen & network)>0
« Constant field voltage E;y (K,=0): « With excitation control (large K,)
K>0 K>0
KS:KS(gen & network) T KS @ '//fd)>0 or <0 KD :KD(gen& network) + KD AV >0 or <0
Ad Aw Ad Aw
Stable Stable .. o b
°® Positive T iy i BT g AT, * Positive T AT, | AT,
° Positive T}, ; ¢ Positive T, i
Y } i BB
i AT,
AT, &
0 ¢ ? 2 :
Ab Oscillatory Aw
A% Non-oscillatory Ao j;:;-f;;bffiry AT..S =
Instability AT R 77 AT, e Positive T :
° Neg'a'twe T E ® Negative T, Tk s EA?:
° Positive T}, i
! Ad
AT 0 t
0 J (b) With excitation control
(a) With constant field voltage Figure 2.2 Nature of small-disturbance response
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. Awl

§ o AT =K
ATe = ATelAV/fd+ ATel &TD e |A¢fd S(Ayg)

gen & network

—K, K [K,(1+5T,) + K.G, (5)]

Ad+K Aw

D(Aggg) T

AT |, =K Ay, = ! Ad
TR TR ST 44T H1+ KK G, () A
* The effect of the AVR on damping and synchronizing torque
components is primarily influenced by K; and G, (S)=K,. K G, (5)
Usually, K;<0 can introduce a positive synchronizing torque. Athy = I ;T —K,Ab - 1+sT (KA + KAgy)
* Steady-state (5—0): ——— e :
—K,K, (K, + KK : i
AT, |y, =2 BRI As = K A+ K JAS
I+ KKeKa i | Exciter
« For a given oscillation frequency s=j@,,. : L @) lg )| Ky |Byg @0 | 129
i 1' 1+sT, s
inf= MBS _SAS A6 w, RE— Field it
Wosc Wosc Wosc Wosc i K
1 6
K, w, |
AT, |y, = KA+ Aw,=Kgn, A0+ Kpay, Aw, ! 1 |ag, A
Wose E 1+5T, N 2/
! T il __________ Voltage transducer .

Synchronizing and damping torque coefficients

due to Ay, at oscillation frequency @, (See Kundur’s Ch. 12.4 “Effects of Excitation System”
© 2021 Kai Sun for more details) 24



Example on effects of different AVR settings

K, =1591 K,=15 K,=0333 K, =18 T,=1091
Kg=-012 K, =03 Tp=002 G s) =K,
H=30 K, =00

 Steady-state synchronizing torque coefficient:

The effect of the AVR is to increase the synchronizing
torque component at the steady state

AT - -K, K, (K, +K,K,) K 0.06K,-0.9
€lay, 1+K, KK, 1+0.1K,

« Damping and synchronizing torque components at rotor oscillation frequency 10 rad/s (f,..=1.59Hz, s=j@,,.=j10)

Ky Kscawem Ks=K,+ Ksaw, Kpswm
0.0 -0.0025 1.5885 1.772
10.0 -0.0079 1.5831 0.614
15.0 -0.0093 1.5817 0.024
25.0 -0.0098 1.5812 -1.166
50.0 0.0029 1.593¢% -4.090
100.0 0.0782 1.6692 —-8.866
200.0 0.2804 1.8714 -12.272
400.0 0.4874 2.0784 -9.722
1000.0 0.5847 2.1757 —4.448
Infinity 0.6000 2.1910 0.000

© 2021 Kai Sun
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Power System Stabilizer (PSS) AT, s = Gpes (00 )G ar ([t} Ny = A

r

Gpss(s) Ao, ) 1—|_TZ jwosc
s KA jTwg) 5
o e 2 r
i 1 1 + (TZwosc)
i ! K KT.w W
] o — 2Awr—|— 277 0sc ~ OSC-A6
i v v ) o AS 1 _|_ (TEWOSC) 1 —1_ (Tzwosc) wo
: ref 3 —0 -
| T E)0) 3]s >0 small
i Exciter .
o 0N S 1+T.s ,;” --------
GPSS (S): : ’ T1 >T2 7
1+T,s GPSS (S)'G(S)
1 | ag, X
1sT, [ &k Ks =

Voltage transducer

Figure 12.13 Block diagram representation with AVR and PSS

20 logl G je)|, dB
|

 The basic function is to add damping to generator oscillation by controlling W
its exciter using non-voltage auxiliary signal(s):
— If Gpgs(s) 1s a pure gain (i.e. a direct feedback of Aw, ), then the transfer

function of AT./Av, has to be a pure gain to create a positive damping
torque (1.e. a torque component in phase with Am,).

— However, AT, /Ay, for the actual generator and exciter exhibits a
frequency dependent gain and phase-lag characteristics, so Gpgs(s) needs
to provide phase-lead compensation to create a torque in phase with Aw,

P (w), degrees
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. V.
Terminal voltage "¢ .
transducer Exciter Bode Diagram

1 v =+ 20 T T T T
1 :“/\
EI . 1+STR Zl KA _"‘Efd ol /
(__1I-

1) @) cl
P mmmmmmmmmmmmsmmmmmsommmmeeoomdetees T g
: Phase | 2207
i Gain Washout ~ compensation i Ty=10s  (&=0.1rad/’s — 0.016Hz) 5 0.016Hs 0.4Hz - 4Hz
] sT, v 1+sT, |y I S -40 :
! Aw,~Kgpypt—" e = | T,=0.4s (@, ;=2.5rad/s — 0.4Hz)
= @ WTwley L0 s —
! 1 = =
| Power system stabilizer i T,=0.04s (w,,=25rad/s — 4.0Hz) a \
e e e e e e e e e e o o e e o e e e e @
T
Figure 12.14 Thyristor excitation system with AVR and PSS Q457
©
T
. . . 0 i I I ‘ I
— determines the amount of damping introduced by PSS L T A S

Frequency (rad/s)

— High-pass filter with T, long enough (typically 1 to 20s) to allow signals associated with oscillations in ®, to pass
unchanged. However, if it is too long, steady changes in speed would cause generator voltage excursions

— Provides phase-lead compensation over the frequency range of interest (typically, f=0.1 Hz to 2.0 Hz, i.e. ©®=0.6 to
12.6 rad/s)

— Two or more first-order blocks, or even second-order blocks may be used.

— Generally, some under-compensation is desirable so that the PSS results in a slight increase of the synchronizing

torque (a positive projection on Ad axis) as well
© 2021 Kai Sun 27



PSS/E ST2CUT stabilizer

Input Signal #1 |

Input Signal #2 |

States

1 - Transducerl

2 - Transducer2

3 - Washout

4-111

5-112

6 - Unlimited Signal
Model supported by PSSE

© 2021 Kai Sun

Phase compensation

sT, 1+sT; 1+sT, 14T,
15T, 1+sT, 15Ty 1+3T,,

Washout

@ Qutput Limiter

/7 Ve =V if (Ve tVpo=Vp= Vg Vo)
» Vs =0 if (Vp <Vyo+Vg) V.

5T

J -\fss V. =0 : T r T
‘s = if (Ve = VetV

Vo = initial terminal voltage

Vr = terminal voltage

Icl and Ic2:

1 - Shaft speed deviation in per unit

2 - Bus voltage frequency deviation in per unit

3 - Generator electrical power in per unit on the machine M'VA Base

4 - Generator accelerating power in per unit on the machine MV A Base

5 - Magnitude of bus voltage in per unit
Form Edit - ST2CUT

IBLIS Bus |CRAIG

I IC1
B2 kK1 5. 5000
T2 0.0000 T3*| 1lo.0000 TW
T6 0.0400 T, T7 0.0000
T10 0. 0000 LSMAX 0. 0500

WL 0.0oo00 M4 Base | 1488. 0000

L
ailga [

Phase (deg)

Magnitude (dB)

-40

Bode Diagram

0.016Hz

BN

0.4Hz - 4Hz

—

0. 0000

10.0000 T

w

0. 0000

-0.0500

Jailfa .

072 107! 10° 10 102 10°

Frequency (rad/s)

Jone
Iz
T1 0. 0300
TS 0.4000 T1

T9 0.0000

faile. .

WL 0.0000
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: designed to be a permanent part of the system (fixed) or be switched in and out of service via circuit
breakers or switchers

— Shunt capacitors: (proportional to V?) to the system at a location and increase voltages near
that location.

— Shunt reactors: from the system at a location and reduce voltages near that
location.

— Series capacitors: of the path by adding capacitive reactance (pro: self-regulating;

con: causing sub-synchronous resonance)

— Series reactors: of the path by adding inductive reactance.

(maintaining voltage levels at specific buses)
— Tap Changing Transformers
— Synchronous condensers

— Static Var Systems, e.g. SVC and STATCOM, often referred to as FACTS (Flexible AC Transmission
Systems)

© 2021 Kai Sun 29



Shunt Capacitors

< | — T I e >

* When a switchable shunt capacitor is switched in, the local o
var

I"“"'--— Shunt Connection

voltage rises

» Shunt capacitor switching is often used to control normal daily
fluctuations in system voltage levels due to load changes

e [Locations:

— Distribution systems: typically close to large customers to supply Mvar needs (so called power-factor
correction); placed at appropriate locations along the length of a feeder to ensure that voltages at all points
remain within the allowable limits as the loads vary (so called feeder voltage control)

— Transmission systems: at transmission substations to support the Mvar needs of the bulk power system and
maintain voltage levels during heavy loading conditions

* Advantage: Low cost and flexibility of installation and operation
 Disadvantage: Mvar output Q =V?/X., and is hence reduced at low voltages when it is likely to be needed most.

— e.g., 1f a 25 Mvar shunt capacitor rated at 115 kV is operated at 109 kV (V=0.95pu), its actual output is 22.5
Muvar, i.e. 90% of the rated value (Q=0.952=0.90pu).
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Series Capacitors

* Connected 1n series with the line conductors to

compensate for the inductive reactance of the line. e °°“"'°“°"—\
* Increasing the transmitted maximum power and u
reduce the effective reactive power loss (XI?), ;(L
while contributing to improved voltage control
» Advantage:
— “Self-regulating” nature: unlike a shunt capacitor, series
capacitors produce more reactive power (output Q=Xx.1°) % R X T oo
under heavier power flows (O~ s
° Disadvantage: (a) Schematic diagram
— Sub-synchronous resonance (SSR) is often caused by the ‘ X o Jan 1 ,(mQ
series-resonant circuit (E® i 2
fssr = /7 = 1, L EE\M
2w/ LC X L (b) Equivalent circuit

Figure 15.9 Radial series compensated system

e.g. fog=19Hz if X =0.1X (i.e. 10% series compensation)

© 2021 Kai Sun 31



Use of Reactors

 Series reactors: the primary use is to limit fault current

» Shunt reactors

— Used to compensate for the overvoltage effects of line capacitance to limit voltage rise on
open circuit or light load (see EPRI’s Ch-5.3 or Kundur’s 6.1 for causes of high voltage)

— Usually required for long EHV lines

— Connected either to the tertiary windings of transformers or to EHV buses

— During heavy loading conditions, some of shunt reactors may have to be disconnected.

Surge impedance (real number): Z. - \/% Q)

If a power line supports its Surge Impedance Load (SIL), i.e. with load
impedance equal to Z, then PF=1 everywhere along the line.

Voltage profile for length up to 1/8 wavelength, Z. = 290.5 ohms

——r - ——

I MNo-load !
] == wall

SIL

1[“;. Fi :
Rated load J

| : : : ., STirt-ckt
IDU 100 200 300 400 500 GO0 70O BOO
Sending end Receiving end

FIGURE 5.11
Voltage profile for lengih up to 178 wavelength,

© 2021 Kai Sun

Load >>SIL: a shunt capacitor is
often needed at the receiving
end to reduce voltage drop.

Load <<SIL: a shunt reactor is
often needed at the receiving
end to avoid over voltage.

Table 6.1 Typical overhead transmission line paramete:s

Borles Connaction

Bus A

i
+

T

Sink

Mvar

of l *—_ Shunt Gonnestion

|
Nowinal 230KV | 345KV | S00kV | 765 kV | 1,100 kV
Voltage
R (Vkm) 0.050 0.037 0.028 0.012 0.005
x,=0L (Q/km) 0488 | 0367 | 0325 0329 | 0292
be=6C (us'km) 3371 4518 | 5200 | 4978 | S.544
o (nepers/km) 0.000067 | 0.000066 | 0.000057 | 0.000025 | 0.000012
B (rad/km) 000128 | 0.00129 | 000130 | 000128 | 000127
257 20 |
2280 5260

MNotes:

1. Rated frequency is assumed to be 60 Hz.
2. Bundled conductors used for all lines listed, except for the 230 kV line.
3. R, x;, and by are per-phase values.
4. SIL and charging MVA are three-phase values.



Use of Tap Changing Transformers

A tap changer control the voltage of a transformer’s winding by adjusting the number of turns in the winding.

* Off-load tap changer (OLTC): mechanical linkages within the primary or secondary windings; can only be adjusted
when the transformer current flow has been completely interrupted.

» Under-load tap changer (ULTC): designed to change tap positions while the transformer is carrying load current.

» ULTCs can be operated in either a manual or an automatic mode. When in an automatic mode, the ULTCs
automatically respond to system conditions and adjust tap positions.

« ULTCs may control a remote secondary voltage (no at its physical location)

—
A

Transformer e PT
Voltage regulating relay
Load drop (90)
compensation \\\
g Auxiliary
CT

Fiqure 5-38. A ULTC Control Scheme
© 2021 Kai Sun



Concerns of Using Tap Changing Transformers

« Normally, when the turns ratio is adjusted, the Mvar flow across the transformer is also adjusted

* However since a transformer absorbs Mvar to build its internal magnetic field, when its secondary voltage is
raised via a tap change, its Mvar usage increases and its primary voltage often drops. The greater the tap
change and the weaker the primary side, the greater the primary voltage drop.

« If the primary side is weak, the tap change may not necessarily increase the secondary voltage. Therefore,
spare Mvar must be available for a tap change to be successful.

344 kV 141 kV

10 Mvar & Mvar
— —_
An example: <€ % E >

+10% / 33-position ULTC (b) Ralse Five Positlons
(5/16x10%= +3.125% ~ 142.3kV)

342kV 148 kV
345kV 138 kv 25 Mvar 18 Mvar
5 Mvar 2 Mvar — e
r— —_— “ >
< g E‘ > g E
(a) Flat Taps (c) Ralse 16 Posltions
(Neutral point: 0% ~ 138kV) (+10% ~ 151.8kV)

© 2021 Kai Sun
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* Synchronous machines running as synchronous motors without a prime mover. The power system
supplies MW to turn the rotor.

* By controlling the field excitation, it can be made to either generate or absorb Mvar.

 Often connected to the tertiary windings of transformers.

« Expensive Mvar source, seldom used in modern power systems.

* However, some companies use them to support Mvar and increase inertia by their spinning mass.

« Some synchronous generators can be operated in a motoring mode when MW is not required
from the generators, such as

— Some hydro units in light load conditions,
— Some combustion turbine peaking units (by disconnecting the turbine from the generator).
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Use of Static Var Compensators (SVC)

« “Static” (no rotating parts); supply or absorb Mvar
* Typically, a SVC is composed of
— shunt reactors and capacitors

— high speed thyristor switches used to adjust the
amount of reactors or capacitors in-service at
any one time

— a control system (similar to AVR) to maintain
a target voltage level

« If the bus voltage dips below the target value, the
control system can control thyristors to reduce
reactor current flow or to switch more capacitors
in service, such as to raise the bus voltage

TCR - Thyristor-controlled reactor
TSC - Thyristor-switched capacitor

HP filer - High-pass filter to absorb high frequency
harmonics caused by thyristor switches

© 2021 Kai Sun

5th
7th
13th
& HP
Filter

+

50 Mvar ‘|’ T
A A A A
TSC

TCR TSC TCR
175 Mvar 175 Mvar 175 Mvar 175 Mvar

Current
Limiting
Reactors

1 System

Control |-
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Static Var Systems (SVS)

* A SVS is an aggregation of SVCs and mechanically switched
capacitors (MSCs) or reactors (MSRs) whose outputs are coordinated.

» A simple example of an SVS 1s one SVC combined with local ULTCs.

HVAC bus
fs
L /_{ C See Kundur’s Pages 640-645
T
) 14
Figure 11.39 Idealized static var system LA
v o
Vo /Ideal VII characteristic
Max. L Min. L
V i ,IF
7 VS ke
=~ - I
Leading Lagging 3
. s . (a) Controllable
Figure 11.40 V/I characteristic of ideal compensator reactor
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High Voltage Bus

v —J MSC

------ 1
]
i
]
]
. ]
| Control ;
i
i
;
Auxiliary Vperorence |
Signal 1
1
--------------T.c-R---T-s-g--T-s-g --------------- :
14 T vV
C
Slope K
I Capacitive 0 Inductive Is
(b) Fixed capacitor (c) SVS
Figure 11.41 Composite characteristics of an SVS
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==

Disadvantage of a practical SVC/SVS Rest ofthe o sV

system,”
f

Variable

1
]
z ]
reactive load I

* At the maximum output, an SVC/SVS downgrades to a regular shunt
capacitor and the Mvar produced is proportional to [V|2.

L

v
®

L@@ e“rg V

System / /

Capacitive 0 Inductive ks @

Figure 11.44 Use of switched capacitors to extend
© 2021 Kai Sun continuous control range 38



Use of STATCOM

HV bus
‘TQSTATCGM

 Similar to synchronous condenser, STATCOM (static synchronous compensator) Wiy

has an internal voltage source which provides constant output current even at very

low voltages. Therefore, its Mvar output is linearly proportional to |V].

» The voltage-sourced converter (VSC) converts the dc voltage into a three-phase

set of output voltages with desired amplitude, frequency, and phase.

STATCOM

STATCOM

Capacitive

Inductive

Induction motor terminal voltage (pu)

1.20

0.96

0.72

0.48

0.24

0.00

Voltage-Sourced
Inverter

+V-
| [
A

v

\

\
With STATCOM

iti\/c

\ N
W
~_
P
Without VAr
0.00 2.00 4.00 6.00 8.00 10.00
Time (sec)

B. Sapkota, et al, "Dynamic VAR planning in a large power system using trajectory sensitivities,” IEEE Trans. Power Systems, 2010.
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MV bus |
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In some literature, FIDVR is also called “transient voltage stability” (an old term discouraged by IEEE PES from 2021)

VOLTAGE PERFORMANCE PARAMETERS

INITIAL POST TRANSBIENT
VOLTAGE - VOLTAGE .
%5 DEVIATION NERC/WECC Planning standards
n L require that following a single
= [ r contingency,
§ _ FRoW PoST * Voltage dip should not exceed
= POWER FLOW 25% at load buses or 30% at non-
o E::"fn[l}r’ﬂg'gﬂ load buses
- . EXCEEDING 20%
g m’,_‘:.;‘“ * Voltage dip should not exceed
> oIP MAXIMUM TRANBIENT, 271 x 1005 20% for more than 20 cycles at
@ load buses
m VOLTAGE
— Faur - OF 5 * Post-transient voltage deviation
0 A T not exceed 5% at any bus
SECONDS SECONDS MINUTES
TIME
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