Compensated Frequency vs
Speed as a PSS input
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Power System Stabilizers

* Theory of PSS from 1960s to damp small
signal oscillations from hydro plants with
static exciters far from customer loads

e Classical tuning strategies based on generator
rotor speed as a PSS input

e |EEE Tutorial Course Power System

Stabilization via Excitation Control
http://resourcecenter.ieee-pes.org/pes/product/tutorials/PESO9TP250



http://resourcecenter.ieee-pes.org/pes/product/tutorials/PES09TP250
http://resourcecenter.ieee-pes.org/pes/product/tutorials/PES09TP250
http://resourcecenter.ieee-pes.org/pes/product/tutorials/PES09TP250

—>
. /! Excitation
Overview Power
Transformer
of PSS
Connection
Y !
my } l 1 ® .
Speed
v
PSS
A O A PTS
y
Limiters and Full Wave
Firing Control < AVR [< Rectifier

L
KEEE Voltage Adjusting Rheostat 195540.09/99
EPes & IEEE

Power & Energy Society®



——— -
Power System Stabilizers

* PSS input signals

— Major research effort and lots of publications
associated with the selection of the “best” input
signal for the PSS

» Shaft speed (beware of torsionals...)
* Electrical power
e Terminal bus (voltage) frequency

* Integral of accelerating power (calculated speed)
 Compensated frequency

@’Ef o 9 IEEE
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Integral of Accelerating Power

e Most common modern PSS structure

— The integral of the accelerating power is
calculated from the speed and electrical power
output of the generator

— If correctly done, the calculated integral of
accelerating power would match the shaft speed

@is O 9 IEEE



Integral of Accelerating Power

integral of
accelerating power
(calculated speed)
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Integral of Accelerating Power

e |EEE Std. 421.5 (PSS2A, PSS2B, PSS2C models)

— To represent the integral of accelerating power
structure with these PSS models

No intentional time constant and transducer
time constants as small as possible

Vsiu STwz sTwz 1 1+sTg N _ PSS
RN N 5 - —»@—» gain and phase
1+STWl 1+STWZ 1+ST6 + . (1+ST9) + X Compensation VPSS
3
Vsiz ST &
2w " block

1+sT ! K
w3 L ‘ bypass EN S2

STwa |OgiC 1+sT,
@
1+STws | Y2
Tws=Tw1 T7 =Tw
Ksz = Twz/ZH
EPes 49 IEEE
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Integral of Accelerating Power

e Calculated speed (integral of accelerating
power) is meant to match shaft speed

— PSS tuning is done using the same approach of a
speed-based PSS

— Performance is affected if calculated speed is

different from shaft speed

* Setup of the washouts, bypass of the Tw4 block, setup
of gains Ks2 and Ks3 are done incorrectly

* First input signal is not shaft speed but compensated
frequency




Stabilizer Tuning & Selection of
Operating Settings

* Phase Lead Compensation

* Washout (High-Pass Filtering)
* Gain

* Qutput Limits

(5& o & IEEE



On-Line PSS Compensation
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Compensated Frequency

e Calculation based solely on PT and CT
measurements

— No feedback from shaft speed

— Based on a simplified model for the synchronous
machine, a voltage behind a reactance

— If the reactance is properly selected/calculated,
the calculated internal voltage is aligned with the
g-axis and therefore the frequency of this internal
voltage matches the shaft speed




e
Compensated Frequency

» Compensated frequency uses CT and PT
inputs to derive shaft speed

» Compensation referred to as “Xcomp” selected
to match generator impedance

High-pass filters (“washouts”) remove dc
component of calculation

D-AXIS

Washout time constants must pass
electromechanical mode frequencies

iner & Energy Society®
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Variation of Magnitude of Lg(s) with

Frequency
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Comparison of Frequency Signals
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Job Well Done — Hydro unit Xgcomp=Xq
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o Round Rotor Unit
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Improper Compensated Frequency Inputs
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Influence of PSS in power
systems subjected to high rate of
change in frequency (ROCOF)

17PESGM2374

José Taborda — JT Systems Switzerland
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Introduction

 Most of synchronous generators are equipped with excitation systems
containing power system stabilizers PSS.

e PSS’s are mainly intended to improve the damping of electromechanical
oscillations that may occur after power system perturbations (e.g. line
switching, s.c. faults, loss of load, loss of generation etc.).
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Introduction

« PSS’s are typically tuned and tested to act in frequency band of
electromechanical oscillations between 0.1 and 3.0 Hz covering local
mode, inter-machine, inter-plant and inter-area oscillation modes.

 Most of PSS’s use active power and/or compensated frequency as
iInput signal(s) for the generation of stabilizing signal (PSS output).

Comp. freq,
Power

Signal

—>| Transducer |—» o o

Stabilizing
signal (VS)

Lead/Lag
Network

Signal

Limiter )

—»|  Amplifier |—»
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Introduction

 Washout stages or filters are HP-filters used to block or reject the DC
component of measured values (Power, comp. frequency).

* The time constants of wash out filters are mostly designed in order to:

1. Allow passing of the desired lowest oscillation mode (e.g. inter area
mode)

2. Optimize compensation at low frequency range. ( < 0.5 Hz)

« Washout filters are typically adjusted in the range of 2.0 s to 15.0s

« The PSS parameters design and testing consider mostly the
power system frequency constant

Power & Er'mrgr_-r Society® _ E*
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ROCOF cases

* Frequency changes happens normally
after:
- Severe loss of generation

- Power system splitting after system fault
like most of noticed blackouts e.g. Northeast blackout 2003,
Southern Brazil 1999/2009, Indonesia 2005 etc.).

‘ Sudden unbalance between generation and consumption

@"Ef A < IEEE
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Final NERC report — 2003 blackout

16:10:36  16:10:38 16:10:41.9 16:10:452  16:10:48  16:10:50 16:10:56
16:10:38.6
) 16:10:42 16:10-49
5’000 16:10:39.5
4,000 New York into Ontario ‘
' f\v/'\ X A / New York into New England
3,000
’ S Ontario into Michigan
’ - AN
g 1,000 e~ W / ray
E 0 v — \R = — = :/Ar—-rl
I — S e -—-‘\
% -1,000 ~ f \\J/ \ \w V/—"V'/"
2,000 Al N A~
"4, v W/ PJMinto INew York
-3,000 —
=
16:10:30 = | 16:10:40 2 Time © 16:10:50 . 16:11:00
Sl | s4lz 2l Iz 3
I §s |5 [§ T3 2 LEF £
16:10:30 EE s1E e §4|8 § L EE £
16:11:00 Tx g|Elz Z§|2 5 s |6qf® :
a" ols |2 = > R E °
e |z 8 = |9 |2 e
& @ [&] =
64 = = Q
63 S~ ‘/NY West
¥oo62 , - N
- 61 | L
g 60 Lambton ONT-MI
H g ¥
§. 59
= 598
57 + + + t + —t
16:10:30 16:10:40 7 16:10:50 16:11:00
Time

@ES

&

Power & Energy Society®



E————————

Grid code requirements

e Some grid codes consider that the generation units and associated equipment
shall withstand a maximum ROCOF of 0.5 Hz/s

 Due to the integration of large of “renewables” and advanced power electronics in
transmission (e.g. HVDC, Back-to-Back converter stations) few grid codes are
increasing the ROCOF to 1 Hz/s for new units

Power & E r.mrgr_-r Society* _ E .



u=99.08 %

Study case

Line
=670.491 MW

P=336.000 MW

Q=64.000 Mvar
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Q=-64.000 Mvar

=
H
=

(@ PEs

Power & Energy Society®

P=-335.246 MW
Q=-2.879 Mvar
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Generator data

Machine Ratings

Ur . kV:
Sr .. MVA: 30|

Machine Model

Subtransient W
Stator R / Leakage X

R . pu: 0028
Hoo

Mo

wn

Transient Reactances
Xl 35
*q . 575

P

Subtransient Reactances
Hd™ W
Xn" W

i

(]
o
i)

SG(1.0)
SG(1.2)

EPES

Power & Er.mrg!.r Society* _

Machine Inertia

Hes:
D.. MW/Hz: o]
Rotor Type

Round Rotor -

Synchronous Reactances

xd . %

Xg. % 1989

Time constants given as

Open circuit -
Open Circuit (Transient)
Tdo'..s: [555
Tqo' s (054
Open Circuit (Subtransient)
Tdo™ .. s:
Tgo™..s: (D031

0.03642

0.15708:

Transformer data

Mame: | |
Type: |525MVA 232/21kV ¥nd11 uk=27.55% | [
(@) 3-phase transformer () 3% 1phase transformer

Unl kV: 230 Un2 _kV: 21 Sr_ MVA:

Ur . kV: Ur2 - kV:

URRM) . % (034 kw:[1785 | URnD). % [0.63  [kw:|33075

Ukrl1) . %: Ukr(0) .. %:

XR(yE  #0z | XO/RO; 3014

o.w 0] vol.w [0 | LMUNS .. pu: 0

Ple.kw: [0 | o2 .% [0 | LMSAT .pu:[0 |
KP .. pu: D

[[Jhas ondoad tapchanger capabilities (IEC 6050%) phiresA . pu: D

[ 0ndoad tapchanger active phiresB .. pu: IZI

[] switchable phiresC .. pu: D

[] Autotransformer

Vector Group: YMd1 "
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UEL 0
TR 0.01s
VIMAX 999 p.u.
VIMIN -999 p.u
TB 11.75s
TC 141s
TC1 0.1s
TB1 0.1s
KA 500
TA 0.004 s
VAMAX 7.415 p.u.
VAMIN -6.421 p.u.
KLR 0.0
ILR 0.0 p.u.
KF 0.0
TF 10s
VRMAX 7.415 p.u.
VRMIN -6.421 p.u.
KC 0.00
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Vsmm
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T5 0.012s
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TW1 5s

TW2 5s
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T7 5s

T8 05s

T9 0.1s

T1 0.15s

T2 0.012s

T3 0.13s

T4 0.012s

T10 0.36s

T11 0.88s

KS1 20

KS2 0.407

KS3 1

VSMAX 0.05 p.u.

VSMIN -0.05 p.u.

N 5

M 1




Small disturbance test

11

- Simultaneous AVR step response of 3% in both units with PSS off
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Small disturbance test

12

- Simultaneous AVR step response of 3% in both units with PSS on
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Loss of generation

- Both units with PSS off

250
240
5230
2220
o210
i 2.00

1.90

180C

] [=}) [=] [=})
a 5} [=1 %]

—Test case ROCOF: G2-P1 [ Test case ROCOF: G2 - EFD

[ = Testcase ROCOF: G1-P1

[ = Testcase ROCOF: G1-EFD

Freq. [Hz]
Ny
LBLOLOLDLDLOMD D LD LSS
1 i —i00 00 0 (D
SO n & thagn

0.0
20.0
25.0
30.0

Ti
[—Test case ROCOF: G2 - VT
[ — Testcase ROCOF: G1-VT

’—Tesl case ROCOF: 5Y3BUS - W

VPSS [p.u.]

25.0f---
30.0

[~ Test case ROCOF: G2 - Q1

[ Test case ROCOF: AVRZ - VPSS
[ — Testcase ROCOF: G1-Q1

[ — Tesicase ROCOF: AVR1- VPSS

Power & E r.mrgr_-r Society* _ E .



Loss of generation

- Both units with PSS on

Power & Energy Society®
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Loss of consumers

- Both units with PSS off

Power & Energy Society®

P [MW]

EFD [p.u.]

[~ Test case ROCOF: G2 - P1

[ = Test case ROCOF: G1-P1

[~ Test case ROCOF: G2 - EFD

[ = Test case ROCOF: G1-EFD

1.0600
1.0400 f--------
2 1.0200
— 1.0000
0.9800--------
0.9600-------- ! g
[],SMUDQ = = = = = =
(=] Ly (=] Wy (=] Ly (=]
— — o o o
Time [s]

—Test case ROCOF: G2 - VT
[ — Testcase ROCOF: G1-\T

50.50
5044
5040
%
= 2025
£ 2348
“ 5010
5004
50.00 : i i : i

45955 S = S = = 4

(=] W o W (=] [Ty o

— — o~ o™ (2]

Time [s]

’—Test case ROCOF: SYSBUS - W

Q [Myar]

0.100
S 0050 }--eemeee
=

@ 0.000
7]
L 0050

J===o|j===1===1

-0.100%

] o
(=] [Fs]

10.0f---

200¢---

—Test case ROCOF: G2 - Q1

[ = Test case ROCOF: G1-Q1

——Test case ROCOF: AWVR2 - VPSS

[ = Testcase ROCOF: AVR1 - VPSS

15

A ¢ |IEEE



Power & Energy

Loss of consumers

- Both units with PSS on

ety
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e
Possible PSS influences in case of ROCOF

e In case of under frequency, voltage of auxiliary services my drop to values
that may cause to trip of loads (e.g. trip of variable speed drives feeding

pumps)

* In case of over frequency, delayed overvoltage protection may trip the unit
and auxiliary services as well

* Interactions with limiters and limitation logics leading to oscillatory
behavior.

w@’iﬁw A ¢ |IEEE
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Possible measures to minimize effect of PSS for systems
with high ROCOF (what is being done)

e Optimize tuning (washouts, overall PSS gain and signal limits)
e Switch PSS off on large frequency deviations

e Reduce PSS signal limits when frequency changes

Important. Implementation needs extensive testing in order to avoid any kind of
undesired switching effects that may cause instability.

/’IEEE
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Real case — Frequency drop and power oscillations
caused by iteration between PSS and limitation logic
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New investigations of effect voltage dependent
function for automatic and smooth PSS gain

reduction in case of ROCOF
‘ Not based on frequency measurement!

Key considerations
 The Primary control is the stator voltage
« The PSS is an additional feature provide in order to improve

the damping of electromechanical oscillations

If the PSS signal causes stator voltage changes that are beyond
ﬂ the allowed operation limits, the PSS influence shall be smoothly

and quickly reduced.

‘ When the stator voltage is back to the operation limits, the PSS
influence shall be smoothly and quickly restored.

/JIEEE
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Proposed function

0} s.TW1 s.TW2
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With
a=0.04...0.08 ; n=4,6 and 8: VDFmMin=0.0 ... 0.80
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Examples

a=0.07;: n=4; VTFmin=0 a=0.05; n=8; VTFmIin=0.1

Power & Energy Society®
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Test casesS  ony 61 with HAT function

loss of generation a=0.05 n=4 VTFmin=0.0
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Test cases

loss of consumers
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Test cases

25

Only G1 with HAT function
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Test cases

3% AVR step step response

Only G1 with HAT function
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Test cases

3-phase fault 150ms at 230kV GIS

Only G1 with HAT function
a=0.05 n=4 VTFmMIin=0.0
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Final comments

e HAT function could be a suitable solution for
to minimize the undesired PSS influence in
case of high ROCOF!

Next steps:
e Further simulations for testing

 Implementation in equipment and testing on
real time simulators

e Tests and observations on pilot plants
of power systems with high ROCOF
/JIEEE
(er
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PSS on Synchronous Condensers

Simon Lebeau
Hydro-Quebec TransEnergie




AEENDA

Recap on load modeling and frequency deviation

Impacts of PSS on synchronous condensers

PSS on others dynamic reactive compensation device

Conclusion




Loaa representation

 Simple dynamic load model (static model):
= P =Po* VM * (1+ a,Af)
» Q= Qo * V™ * (1+ a,Af)

It is possible to «control» the load if you control
voltage and or frequency



Frequency deviation

Loss of generation (2000 MW example)
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Frequency deviation (cont

Loss of generation (2000 MW example)
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Improve Naﬁlr !requency |¥

Load is voltage dependant

Load is frequency dependant

Mvar facility near load center

The period of frequency oscillation is known



Diagram

Vref
+
3 . Erp
Vc > Excitation system lﬁ
+
Aw N\
Aw Digital transducers]& Vs
PSS4B
. |Multi-band PSS
\- y,




At Hyaro-auegec:

* 5Synchronous Condensers equipped with PSS
e PSS settings:

= Center on 0.04 Hz frequency
= Gain of 3.5 pu/pu
= Qutput limiter : +0.02 pu and -0.04 pu




Effect of PSS on reactive power

SC output (Mvar}

Loss of generation (2000 MW example)

Without PSS /\_J

— /

125 Mvar

\ With PSS




Effect of PSS on frequency deviation

Loss of generation (2000 MW example)

z)

With PSS

Frequency (H
wn

0.1 Hz

<—— Without PSS
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A‘so on gVEs

5 SVCs equipped with PSS4B PSS
* PLL to track frequency deviation

+
- Mvar
Vc > SVC controls

Vref

+
Aw N\
Aw Digital transducers]& Vs
PSS4B
. |Multi-band PSS
\- Y,
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 Frequency deviation can be reduce by
controlling voltage at the load.

e Simple PSS on any dynamic reactive device
can do the work.

 Hydro-Quebec also reduce AGC oscillations
(0.01 Hz) with PSS4B.

e R IEEE
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Practical challenges and limitations of generator-
and exciter-models used for AVR, PSS and
OEL/UEL tuning- and validation-studies, focusing
on (exciter) field-current as active feedback in
excitation control systems

Matthias Baechle, ABB Switzerland Ltd.
matthias.baechle@ch.abb.com
IEEE GM 2017 / Chicago, IL
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Overview

* Introduction

— Application / Expectations «now and then»

* Practical challenges of generator modelling

— Limitations of IEEE 1110 generator models in
combination with OEL

* Practical challenges of exciter modelling

— Limitations of IEEE 421.5 exciter models in
combination with OEL and cascaded current
controllers

@ff O 9 IEEE
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Application / Expectations «Now and then»

* Simulation scope was traditionally rather
limited (eg. line faults)
— Focus on dynamical response of AVR and PSS

— Limited amount of state variables and simulation
times in order to receive results within acceptable
time frames

— Excitation Limiters [OEL/(UEL)] etc. were not
represented due to its delayed influence, which
was beyond typical simulation times




———————— -

Application / Expectations «Now and then»

e State of the art computational power however
allows to increase the amount of state
variable and simulation times

* |EEE 421.5 therefore offers a variant of OEL
models, which add new feedback signals to
the exciter models

E
Es &
OPES O <> IEEE
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Practical challenges of generator and
exciter modeling

Excitation Control System
Generator
Generator
— » Voltage/
xciter Current
»
> AVR Power Stage Ero
lFe lFD
(Exciter) Generator

Field Current Field Current
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Practical challenges of generator and
exciter modeling

Excitation Control System
Generator Generator
_ » Voltage/
Power Stage
Y OEL
lFe lFp
(Exciter) Generator

Field Current Field Current
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Practical challenges of generator and
exciter modeling

 [IEEE 1110] Model 2.(2); D-Axis eq. circuit]

Most used Generator Model in industry. Lf1d mainly ignored == 0!

s R g R P 1d
d S L, L4 R
R'1d L 1
@
d-axis
O ¢ : ,
x. < x;and x¢14 < 0 for salient pole machine
Kees Xc > x; and xg14 > 0 for turbomachines
(€ Pes ¢ IEEE




————
Impact of Lf1d on stator Voltage
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Impact of Lf1d on field current
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Practical challenges of generator and
exciter modelling

Summary:

e Lfld is hardly used in system studies, since it
isn’t available is 99% of the stations

e Expectations on model accuracy is gradually
increasing, steering even into directions to
match «internal variables», such as field
current & voltage

* Difficulties will raise, if generator field
K current become part of the control loop

( IEEEE S
PEs e © IEEE
Power & Energy Society® .
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Practical challenges of generator and
exciter modeling

 Exciter Model [421.5-2016] VeemaRoleo

Ke+Se(Ve)

Decent representatlon [
1 Ve Ero
for steady state and Q STe g
J EX
small sighal response Vemin SN
Vx
* Raising HIR requirements o L9 T
Vee lFp
May only be reached ] Ke [ vKe =
R
using huge ceiling factors L [
1=

- — AVR with cascaded Current Controller

@PES $IEEE
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Practical challenges of generator and
exciter modeling

Assumption: Exciter
Field Current Is

VFEmax_ KD' IFD

equivalent to EFD Ke+Se(Ve)
[
E 1 V E
AVR H@—» Cascaded 5 - -
+ + STE
- - _/ Fex
AVR output Current
VEmin -
serves as control Fex=f(In)
reference value loop Se(Ve) [
for current T
control loop leo

lFp

@Es

N\~

Power & Er;lergv Society®
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Practical challenges of generator and
exciter modeling

VFEmax_KD'IFD

Ke+Sg(Ve)
—
AVR —> LV\ E:-E)@ > S-]I.- VE EFD
OEL | - ] Fex
. EL _
Limit O Vemin

Power & Energy Society®
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Practical challenges of generator and
exciter modeling

 Exciter Model [421.5-2016] VeemaRoleo

KE+SE(VE)
VFE is declared as «signal_ [
1 VE Erp
proportlonal to exciter + ; jTE Ee
VEmin -
field current» e Koy 1 y Fex=f(In)
X SE(VE) <
\ @ T
Exciter goes in VFE Vee * leo
Freewheeling | Ke > 'N:KC'V_
\ + T E
Kp |
Actual o

current

@Es
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Practical challenges of generator and
exciter modeling

* Summary

— VFE as feedback signal to controls may reach
limits, in particular if «perfect» matching of exciter
field current and exciter field voltage is desired
(matching not limited to stator quantities)

— «Logic-switch» to «force» VFE to zero may be an
easy modification to the AC exciter model, if EFD
or VE is zero = Brushless exciter is in «Free-
wheeling» mode
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OEL and SCL Limiter Testing
and PSS / Limiter Interaction

Ruediger Kutzner, Uwe Seeger

Presented by: Ruediger Kutzner,
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Overview

* Limitation — Reactive Capability
* New Models

 Test Methodology

* Test Results

* PSS/ Limiter Interaction

* Conclusion
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Source: Siemens AG

tor Capability Curve

OEL — Overexcitation Limiter

Prevent overheating due to
high field current levels

SCL — Stator Current Limiter

Prevent overheating due to
high stator current levels

UEL — Underexcitation Limiter

Prevent loss of synchronism,
prevent overheating in stator end region
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Excitation Control System

Terminal Voltage
Transducer and —=—
Load Compensator

|ﬁEL, VoeL, VscL LU e " PQ gl | Vol

Ve

Excitation &, _Ero, Synchronous —
VRer .. Control Exciter Machine and
— Elements - I, Power System
V Vg1, V
S PSS }‘ Si1 SI2
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New AVR models: ST6C

ST6C: static excitation system

TT VBmax
_) _ . — —_ y
y=|Kp V+j(Ki+Kp XL ) I >re Ve
— A o)
Ve 7 —k / \
Kp=K
P PICI_P Ke SW, Fex
(a) |
. In=Ke ——»| Fex=f(In)
P E IN
IR + /
—> KC| KLR
VAmax J
Lv VRmin
gate|
Vier Vscisum  VueL VoeL VueL VoeL VueL VoeL
@O © 6 |G
Ve
—>
Erp

VSCLueI VSCLoeI

®© O

VueL VoL Vs VscLsum

Vscwel  'Vsctoel
® 6 & ® ®

Ks
1+sTg

A

Source: IEEE PES

w@:is ATTTEeTEE—————— < |EEE




New OEL Models: OEL3C

OEL3C: summation point

0
—0\__»
—

1 KPOEL

VOELmax1 VOELmax2
[ /
u 1 V,
— Kol “sTom ’@5 7 -
- _/

VOELmin1 VOELmin2

—

/ FD KSCALE K1
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New SCL Models: SCL1C

SCL1C: summation point

overexcited region
SCLmax

lRmin - /_
Kir = M K /
| KPoex+ loex
S
| N
_/ _/
VSCLmin 0 _
/ VscL
T - 1 - XK Z
f+sT,,
IscLim VsoLmax
e |
M K
| - | ™ KPuex+ Jwex /
R - 1 )\ - K|R - N S /
1+S7EJSCL _/
VSCLmin O

underexcited region
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Test Methodology

e Offline simulation utilizing models
* On-site during commissioning
(usually only with shifted characteristic)
e Test lab utilizing a real-time simulator
— Closed-loop test of real system (HiL-Test)
— No risk and no harm to plant
— No restrictions of plant
— Validate models



Hardware-in-the-Loop-Test

Automatic
Voltage Regulator ‘ Currents
Manual Regulator ) Voltages
Limiters
~ Field Current o{
PSS " Field Voltage N ]
. L1l
Control Output Real-Time
Excitation System Simulator

(@5&3

Power & Eﬁorgy Society®
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HiL Test Setup

Static Excitation System Thyripol®

Real-Time
Simulator

Source: Siemens AG
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Test of OEL
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OEL3C HiL-Test Result

actual value
— — reference value |.

Increase of
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OEL3C HiL-Test Result
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OEL3C Commissioning Result
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Test of SCL
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HiL-Test Result
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Coordination of OEL and SCL

> ey 4
%,,OL;Z:( o VM| Simulated decrease of
= o R o R S RS 1 system voltage by 4 %
- 092 A L N A L L A ]

Later SCL lowers stator
current to admissible value
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3 150 SR o SRR S o SRR S 1 Atfirst OEL lowers field
o 1? J/ o\ | | | | 1 current to admissible value
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SCL Remarks

e QEL alone can not ensure that stator current does not exceeds
the admissible value.

 SCL is additionally needed to keep stator current within the
limit.

 OEL and SCL reduce terminal voltage.

* SCL can not help in the vicinity of a power factor of 1.

* SCL might cause instability in a weak systems if SCL settings
are not appropriate.

* Additional measures, like a tap change or a reduced load,
might be considered to keep terminal voltage inside the limits.
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Interaction of Limiters and PSS

Voltage error calculation of AC7C:

VoeL V V
VoeL UEL OEL
VUEL
@ @ VUEL @ @ @
VREF @ VRmax
L dd. tak
Ve - HV LV k. Kir | sKor > 1y \ | LV add. take-over
gate/ + ~|gate PR 1+sTor| _,joate/ _|gate point d of Vg at
+ 7 regulator output
\ min
és VscLsum Vgssd &:5 VOCESSCI ) VE:)Lsd VEE)Lscl
L
SKe3 B
1+sTe Source: IEEE PES
Summation point: UEL - a OEL - a SCL -a
Take-over: UEL-Db, c OEL-b,c, d SCL-b,c

PSS: point a before take-over of UEL - b, ¢, OEL - b, c,d, SCL-b, c

point b before take-over of UEL - ¢, OEL - b, ¢, d, SCL - (b), c
(e
s

Power & Energy Society®
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Interaction of Limiters and PSS

Voltage error calculation of ST6C:

Vier Vscisum  VUEL Voer Vel VoeL
® | |® o |G

+| + + | +
Ve > Hv \ Ly Y Kia Add. take-over point d
> |gate/ |gate/ 4 - Kext =1 of Vi, Voer, Vscy at
+1 + +1+ —7 regulator output
Vami
Ve VoeL Vs Vsciaum o

@ @ VscLuel ' Vscloel
@ @ Source: IEEE PES

Summation point: UEL - a
Take-over: UEL-Db,c,d

OEL -a, c SCL-43a,c
OEL - b, d SCL-b,d

PSS: behind take-over of UEL - b, OEL - b, SCL-Db

before take-over of UEL - d, OEL - d, SCL -d
(e
@pss

Power & Energy Society®
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Conclusion

* Different test methodologies for limiter
testing.
e Usually limiters are tested with PSS on.

* Limiters needs to be tested individually and
all together.

* |[nteraction of limiters and PSS depends on
AVR models.
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Challenges in the Synthesis of
the Instantaneous Rotor Speed
for PSS Applications
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Motivation

Need of accurate rotor speed signal for PSS applications.

Ramp-Tracking Stabilizer Gain & Phase Lead Limits
High-Passz Filters Filter
Vstmax
s Twi s Tw2 1 * (145 T8) ”+ 1+sT1 fesT3
Speed — — —)'1;’—)- _){;)_,Ksi——} o
145 Twil 1+5Tw2 1+sTE ] utput
(1+s TQ) 1+sT2 1+sT4
+ .
Vstmin
Ks3
High-Fasz Filters A
s Twd 5 Twd Ks2
Power > T Twa [ 14sTwd [

1+sT7

Accelerating Power PSS Model (PSS2A)
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Current Practice for Rotor Speed Estimation

Rotor speed is estimated from measured electrical variables:

Do = Af 4 — 2 |eg1 (K
= —_— % —
® 0, ot|° VtZ + Q * xq

Where:

« Af = electrical frequency deviation measured at the generator terminals
P = measured active power

* Q = measured reactive power

« Vt = measured terminal voltage

* xq = quadracture reactance parameter

* w, = hominal frequency
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Current Results

Yields a signal that is a poor rotor speed estimate, mainly for round rotor

machines
Power Plant: ARAUCARIA .10*  ROTOR SPEED - Test 1 <1c°  ROTOR SPEED - Test 2
Initial Conditions ’ d
Test 1: Test 2: !; N
Vo = lpu Vo = lpu 0.5 R S
Po = 0.8pu Po = 0.3pu o A .
Qo = 0.3pu Qo = -0.3pu ' ' : N
Equiv. System: 05r WY
xe = 0.2pu %‘ ! “H,'
Test: '} T
Response to Voltage Step E, 150 if
Synch. Machine Data: 8l ".l I.'I — ACTUAL '1‘ ,: s ACTUAL
Type = Round Rotor v - CURRENT 2r T R CURRENT
Unity Rating: 198 MVA L ‘ ! ! ‘ = 5 : ; .
xd = 2.04pu T'do = 9.8s 0 ! 2 9 3 4 o | 9
x'd = 0.199pu T  "do= 0.042s
x "d= 0.153pu T go = 0.96s
x1l = 0.137pu T "go= 0.064s . .
xq = 1.9u Ag = 0.043 Current rotor speed estimation has a larger
x'qg = 0.327pu Bg = 7.375 H i
am 0 15300 M = 11 .93 amplitude and more phase advance in respect to
D =0 the actual rotor speed, these errors being also
much dependent on machine loading

@’E? o & |IEEE
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Current Impact on the PSS-2B Variables

< 10" ROTOR SPEED < 10% RAMP-TRACKING FILTER
8 —

;" 6 = Speed Washout Output
8- '.' m— ACTUAL 8l = Power Washout Output
| lv,' | | | | | | “"“ CUR‘RENT 10 | | | | | ‘ Rarr‘1p Track‘ing Filte‘r Input |
0 05 1 1.5 2 25 3 35 4 45 5 0 05 1 15 2 25 3 35 4 45 5
[s] ) [s]
Power Plant: ARAUCARIA < 10™ COMPENSATOR INPUT
. o . . 8- N
Initial Conditions: Equiv. §ystem. A = ROTOR SPEED
Yo = lpu xe = 0.2pu ° O CURRENT
Po = 0.8pu Test: 4l ." l‘.
Qo = 0.3pu Voltage Step i)
Synch. Machine Data: ? i
Type = Round Rotor 0 A
Unity Rating: 198 MVA o ' \
Xd = 2.04pu T:clio = 9. 8= f :
- C,id; 8 | igggﬁ g qgo; 8 | ggis : i Compensator input does not
%1 = 0.137pu T’ 'qo= 0.064s '\‘ i havg the same phase and
xq = 1.9pu Ag = 0.043 8 magnitude as the rotor speed
®'qg = 0.327pu  Bg = 7.375 10 ! w ! w ! ! ! ! !
% 'g= 0.153pu M 11 92s 0 0.5 1 15 2 25 3 3 45 5
-0 [s]
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Proposed Method for Rotor Speed Signal

EQUATION

INPUT OUTPUT
Current Method:
Synch. Machine Based on steady-state equations
Parameters: —>) —> AW
X Af + L9 tg~! P Xg
[ ] _ x —
1 w, Ot 5 VtZ + Q x xq
Measured
variables:
P, Q Vt, Af
Synch. Machine Proposed I\/Iethod:. |
_ Based on subtransient-state equations

Parameters:

) ») 1 a E” Aw
©oX9,xq,xq Af+ —+—|tg™?! 4
° T’qo) T”qo Wy at E(,]’

@Es
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Performances of the Two Rotor Speed
Estimation Methods Compared from
Simulated Voltage Step Responses of
Actual Machines of the Brazilian Grid

m@is S 4]33:
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Round Rotor Machine

Power Plant: ARAUCARIA < 10" ROTOR SPEED - Test 1 x 10° ROTOR SPEED - Test 2

6 N B
Initial Conditions i 1 i
Test 1: Test 2: 4 AT R
Vo = lpu Vo = lpu o VAT 0.5 R A
Po = 0.8pu Po = 0.3pu [ : ;" 0 ,’ R ,"\‘. ~
Qo = 0.3pu Qo = -0.3pu 0 y ' /
Equiv. System: 2l 05 \
xe = 0.2pu vy
Test: 4o oo

! i
Response to Voltage Step Y \% i ACTUAL A5) ) :.' ACTUAL
Synch. Machine Data: 8l '|‘ '|' ----- CURRENT i ,,' ----- CURRENT
Type = Round Rotor L PROPOSED I T s PROPOSED
Unity Rating: 198 MVA ¥ : * * * v : * i *
xd = 2.04pu T’do = 9.8s 0 ! 2y 4 5] O ! 2y 4 5
x’d = 0.199pu T "do= 0.042s ) ,
x"‘d= 0.153pu T’qo = 0.96s 82(10— COMPENSATOR INPUT - Test 1 2?(10‘ COMPENSATOR INPUT - Test 2
x1 = 0.137pu T "go= 0.064s |."|‘ A
xqg = 1.9pu Ag = 0.043 | 6§ " 1.5¢ '-",‘
x'g = 0.327pu Bg = 7.375 | 40 P A n i
x "g= 0.153pu M = 11.92s ol o5l ; \ N
D = O ‘| ' " ‘l |' ‘l I"‘\ -

PSS Data: .} . PR AN
TYPE = PSS-2B T6 = 0.005s | [ Y
TWl = 3s T7 = 0.005s 0.5¢ N
TW2 = 3s T8 = 0.4s ! I
TW3 = 3s T9 = 0.1s i v
TW4 = BY-PASS N =1 6 v m— ROTOR SPEED -1.5¢ '.||' m— ROTOR SPEED
KS2 = 0.25168 M 4 8! ‘nun' """ CURRENT 2l ‘l\,' """ CURRENT
KS3 = 1. PROPOSED | || | |- PROPOSED

-10 I I I I | 25 I | 1 1 |

0

0 1 2 3 4 5 1 2 3 4 5
Is] is}
( IEEEE s
e O @ IEEE



Salient Pole Machine

Power Plant: ITAIPU «10*  ROTOR SPEED - Test 1 <10*  ROTOR SPEED - Test 2
" N,
Initial Conditions ol ! 1.8 i
Test 1: Test 2: " |
Vo = lpu Vo = lpu 1l / R i
Po = 0.8pu Po = 0.3pu 7 i
Qo = 0.3pu Qo = -0.3pu 0 i
Equiv. System: R4
xe = 0.2pu T v
Test: 2l Y 2l )
Response to Voltage Step — ACTUAL o5l ll — ACTUAL
Synch. Machine Data: I ¥ A R CURRENT P b A CURRENT
Type = Salient Pole v | ~~~~~ PROPOSED | i | ~~~~~ PROPOSED |
Unity Rating: 737 MVA 0 1 2 3 4 5 0 1 2 3 4 5
xd = 0.949%9pu T'do = 8.5s [s] [s]
x'd=0.317pu T’ "do= 0.09s , 1* COMPENSATOR INPUT - Test 1 « 10* COMPENSATOR INPUT - Test 2
x "d= 0.252pu T'go = 0.5s a; 4:
x1l = 0.12pu T "go= 0.19s A
xq = 0.678pu Ag = 0.6 3 ' 3 f\
x'g = 0.678pu Bg = 5.84 ol Y ol 1
x 'g= 0.252pu M = 10.778s \ 1A
D =0 1} 1 ..

PSS Data: ;
TYPE = PSS-2B  T6 = 0.005s 0 0
TW1l = 3s T7 = 0.005s a4l a6
TW2 = 3s T8 = 0.4s
w3 = 3s 9 = 0.1s Hi : == ROTOR SPEED 2l == ROTOR SPEED
TwWd = BY-PASS N =1 ¥ |- CURRENT st M| CURRENT
Eg% = 2-27834 M 4 Y- PROPOSED | || | = |eem-- PROPOSED

B “ 1 2 3 4 5 “o 1 2 3 4 5

/ [s] [s]
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Performances of the Two Rotor Speed
Estimation Methods for Voltage Step Tests
with Field Measurements and the
Simulation of the PSS-2B Internal Variables

Internal variables from PSS-2B prototypes tested:

3s
3s +1

Aw —>

35
3s+1

Aw washout
output

3s
3s +1

P —>

L

3/2H
3s +1

ramp-tracking

filter input

compensator

0,4s + 1
(0,15 + 1)*

+ % input

@Es
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P washout
output
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208 MVA

ba — Unity Rating

’

Parnai

Power Plant
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324 MVA

12,0s

TERMINAL VOLT

ing:

Sogamoso — Unity Rati

Power Plant

Salient Pole — Inertia (2H)

WASHOUT OUTPUT

Type
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E————
Proposed Rotor Speed

Final Comments

PSS applications:

» Better quality and cleaner signal;

* Preliminary field tests have shown the superior performance of PSS-
2B stabilizers.

Future work:
e Complete round of field tests for PSS-2B prototypes;
e Suitable signal for UEL structures that use Load Angle.

Use of integrated control systems:

* A higher quality rotor speed signal is available for speed-governor
applications and to other excitation control functions.

m@is S 4]33:



Thank You!

Nelson Zeni Jr.
helson.zeni@reivax.com

¥ ReIvax
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Verification and testing of new
PSS model PSS6C by means of
PRBS Injection

Ruediger Kutzner, Uwe Seeger, Andree
Wenzel

Presented by: Ruediger Kutzner,
Uwe Seeger
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.
Overview

» Power System Stabilizer PSS6C acc.
IEEE421.5(2016)

 Testsignal Pseudo Randon Binary Sequence
(PRBS)

* Injection points of testsignal
e Measuring results
« Conclusion

(“ o 9 |IEEE



R
Structure PSS6C according

421.5(2016)

—
[ [Pss],
<) ) () [ ke | Joutput| =T
Vsiimax Fig S N Flg "o g o o :V logic
— + + + > [P (@)
/ /
. = Ko K K Ks K Ve
| STmin
/ 1+sTh 1+sTs _l ’ .
/
—l' _
Vatimin o~ sTp u : 1 1 Kis K
b b2 —
Vsizmax + N 1+sTo | - ¢ sTh sTe sTs ST
"r—
V5|2 f Ksz SMyec * ¥ vt
— o o F g,
1+sT2 1+sTy S NS NS
o
Vsizmin
footnotes:
(a) PSS output logic uses user-selected parameters Py, and Py,.. It also uses the signal V,..,. shown in the block
diagram, and the generator electrical power output P,. The oufput logic implements the following hysteresis to define
the output signal Ver:
Vor
Vn-55 <

0

Prasce Prass P,
f EIEEEES
OFES  oam—— <> |EEE

Power & Energy Society*®




.
Power System Stabilizer PSS6C (1)

e |[EEE 421.5(2016)
« PSS with canonical form equation

 Dual input stabilizer: usually generator
electrical power output (V, = P;) and rotor
angular speed deviation (Vg, = Am)

 time constants T, and T, represent the
transducer time constants, time constant T,
represents the main washout time constant

@ES

Power & Energy Society®
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.
Power System Stabilizer PSS6C (2)

* Phase compensation Is provided by
adjustment of the time constants T;; to T,, and
gains K, to K,

* gain of the PSS Is adjusted by K

* threshold values for the output logic Py, and

Possore fOr switching on / off depending on
active power

e Parameter conversion to PSS3C Is possible

@'s &IEEE




R
Structure PSS6C according

421.5(2016)

—
[ [Pss],
<) ) () [ ke | Joutput| =T
Vsiimax Fig S N Flg "o g o o :V logic
— + + + > [P (@)
/ /
. = Ko K K Ks K Ve
| STmin
/ 1+sTh 1+sTs _l ’ .
/
—l' _
Vatimin o~ sTp u : 1 1 Kis K
b b2 —
Vsizmax + N 1+sTo | - ¢ sTh sTe sTs ST
"r—
V5|2 f Ksz SMyec * ¥ vt
— o o F g,
1+sT2 1+sTy S NS NS
o
Vsizmin
footnotes:
(a) PSS output logic uses user-selected parameters Py, and Py,.. It also uses the signal V,..,. shown in the block
diagram, and the generator electrical power output P,. The oufput logic implements the following hysteresis to define
the output signal Ver:
Vor
Vn-55 <

0

Prasce Prass P,
f EIEEEES
OFES  oam—— <> |EEE
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Test3|gna‘ Pseuao Ranaom Binary

Sequence (PRBS) (1)

 Realized with a linear feedback shift register —
_FSR

» Recoupling by using XOR-functions

« Example shows LFSR with the Polynom
yll + y9 + 1

L=
il D""Q—l
>
" Q
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Testsignal Pseudo Random Binary
Sequence (PRBS) (2)

« Signal Repetition of the cycle numbers
p=2k-1
K defines the highest order of the polynom

« Bandwith of the PRBS achieved by the pulse
iInput CLK

 Duration of one sequence =p / bandwith
o Example of PRBS with order 11

KEEE
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.
Example of PRBS with order 11

PRBS signal (first 10 seconds)

™ J J T T T T T T !
El ; ; : :
2 : A | | ;
S oy - i i 3 i
< IR TINCT TGNt Oy =
S : : : :
o _2 1 1 1 1 1 1 1 1 1
0 1 2 3 4 5 [ 7 B g 10
t(s)
PRES frequency spectrum
o P ' ' ! j ; ; ! ! ;
£ : i ; : :
2 ! ! ! !
= Fh mrfmenssmonesfiazoscomonatiesosnrandty =
E : : . :
- e e———
50 60 70 &0 o0 100
f(Hz)

PREBES power spectrum

. 0.02 T T ! T T T T

£ ] ]

g 0.01 - 3 - = : . 2 . _
= : :

E ! 1 ! ! 1 1 1

2 o : ; S . : ! :

0 10 20 30 40 =0 60 70 &0 a0 100
f(Hz)

.@’Eﬁ" P g | = =



R
Injection of the testsignal PRBS

e PRBS testsignal is part of the AVR software,
adjustable via parameters

 Testsignal injected to different points A — G

STmag
I
II
)
. N o TN e Y Ks '
v E,im + h +’ ) * \) + W ! Ver
/ + T + + T + T _.'II
||'I 1 5 o v o
a e 3 KD K 1 Kg K3 k 4 E‘_,- =Tmin ';Jj.f'
i +51
| 3 3 ]
5 . sTo i ) Kz




I
Parameter of tested PSS6C

 Testing was done with the following
parameter set for PSS6C

Ti= 0.0220s Ksi=  1.0000 Ki= 0.2903 K= 0.0813 Vstmax= 0.05p.u.
T.= 0.0220s Ks2=  1.0000 To= 0.5794s Ts= 1.0000s Vstun= -0.05p.u.
Ta= 0.4405s To= 1.7809s K= 0.7371 Kis= 0.0000 Pessoi=  0.19p.u.
Ts= 0.4405s Ko= 1.3322 Te= 3.5414s Ks= 0.0000 Prsson= 0.21p.u.
Macc= 20.6838s Tiu= 0.0600s Kiz= 1.0000 Ks= 1.0000
Vsiimax=  2.0000p.u.| Vsiimin= -2.0000p.u.| Vspmax= 2.0000p.u.| Vsemin= -2.0000p.u.
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R
Measuring phase compensation F-G

with Ki4 =0

Magnitude [dB]

Frequency [Hz]

-45

T T T I |
+ measured

§ : T S : calculated
—90f R S : SRR R RERE SR R

_135_..”.$T ﬂmJ.i:

Phase []

-180

—-295 i R R N T W i I T T W B A | i i

107 107" 10° 10 10
Frequency [Hz]
@PEs < IEEE
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R
PSS6C Measurement Aw path A-G

Magnitude [dB]

_gD T T T T T TTTT T T T T TTTTT T T T T T TTTT T T T T T 7T
e LE b B0 3 g A SN h + measured
. o : : Corna : : oo calculated

L BN mEm

Phase [°]

_:!?n ' . S o e e T T L D IS R Mk b B e e R R e e g Lol e

FRR ST T R M| R
10° 10
Frequency [Hz]
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-360
10




14

P Measurement active power
path B - G

Magnitude [dB]

10° 10°
Frequency [Hz]

9[} T T T T TTTTT

T T T T T T TT] T T T T T TTTT T T T T T 1777
B EE ¥ T B s Y F o i + measured
Mg B o bno P e G 4 B Smhh calculated

......................................................................................

FPhase [*]

.............................................................................

—180 Y s B ool Bk e

10° 107" 10° 10" 10°
Frequency [Hz]
( IEEEE S
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R
PSS6C Measurement output limiter




Y
Conclusion

o Validation shows a very good match of the
Power System Stabilizer PSS6C implemented
In the THYRIPOL software over a wide
frequency range
from 102 to 102 Hz

 Testsignal PRBS can be used for validation and
on site testing of PSS and AVR
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Thank you
Ruediger Kutzner Uwe Seeger
University of Applied Siemens AG
Sciences and Arts Power and Gas
Hannover, Germany Erlangen, Germany
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