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Abstract— This paper presents a novel approach into damping
inter area oscillations during poor grid conditions and low
oscillation frequency ranges at the generator siddhe method is
based upon the application of a single input PoweSystem
Stabilizer to the actuators of hydro governor systes (PSS-G).
One constraint thereby is the decoupling of the daping
application from the standard operational functiondities such as
primary control. The investigation is based upon atwo-step
approach: A principal feasibility investigation utilizing a Single
Machine Infinite Bus-SMIB Model and a second step sing a
four generator two area model focusing on the inteaction of the
governor control path and the voltage control path. Local
signals and signals derived from Wide-Area-Measureent
System (WAMS) like speed deviation or acceleratingpower
respectively voltage angle deviation have variouslgeen used as
input signals and compared by their impact on systa damping.
This article is part of a special session at Poweeth 2013 which
is being proposed by the EU FP7 Real-Smart Consouin, a
Marie Curie Industry-Academic Pathways and Partnerdips
project’. Most of the work presented in this paper has been
developed during a secondment at Statnett in Osldlorway.

Index Terms—Small Signal Stability, Hydro Governor, Inter
Area Oscillations, Power System Stabilizer

l. INTRODUCTION

Transmission grids in Europe are progressivelynfaairitical
operational situations characterized by high limading,
volatile and geographical centralized generatiod s@curity
limit violations. The reasons are manifold, reaghfrom the
increased number of actors in the liberalized etdtt
markets to massive integration of renewables argdjisg
realization of grid extension plans. Conventionaeherating
units, mostly synchronous generators are partlgtiuted by
must-run renewable units. These circumstances tead
volatile oscillatory behavior of the power grid uésng from a
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permanently change in the constitution of the typie
operating generation units and thus change inigedia.

The situation is in principle similar for most meentrountries
of the ENTSO-E association with varying influencasd
consequences for system operation and stabilitgrti#pg on
the local conditions.

As one of many consequences, such as higher freguen

gradients or higher steady state frequency devigtithe small
signal stability has become a demanding topic ofeasing
attention in the last decade. This is mainly résgltfrom
highly stressed systems and the absence of adegysttm
damping resulting in poorly damped local oscillaicr inter-
area oscillations. Latter leads to the oscillatadngroups of
generators in different grid areas swinging with amainst
other groups, causing unwanted active power flow®ss
wide grid areas. Under these conditions oscillastapility is
endangered preliminary due to two influencing fex{d]:

* The danger of generation losses as a consequence of

loss of synchronism and

* The violation of transmission grid security liméad
hence automatic power line
depending on the actual system loading.

The worst case scenario in this manner is a caschdllre
trips and furthermore major blackouts.

Il.  SITUATION IN SCANDINAVIA

Norway has had and still has a special power system

characteristic compared to most European coundgsalso
its Nordic neighbors. This is reflected in how grwver grid is
designed (grid topology and geographical distridoutiof
generating units) and operated.

Furthermore the
generating and consumer areas are often relativeak. The
reason is the large contribution of hydro poweregation to
the total energy consumption of almost 99 %, arel \tkay

these energy sources were developed and geogriyhica

distributed. The hydro resources were exploitedviddally

disconnections

inter-area connections between raeve



in the past and very often industry consortiumscibies
secured their own supply (an example is aluminureltars)
with the consumption either close to the sourcsupplied by
their own power lines. The era of hydro power cated to
the transmission grid (operated by Statnett) sldrtehe early
20th century and especially in areas of higher rteons of the
mid and western part of southern Norway or nortidéonwvay
(Norland), but geographically widely spread.

Also in Sweden (40 % -50% hydro power plants) ldngéro
units are located in the northern part of the cgurithe large
distance from the hydro units to the main powerscomng
areas of the south forced a coordinated grid deweémt to
handle large power flows over great distances.

In Norway however, many areas of power surplushefrhid
and western mountain areas were connected to titerea
power deficit area in various development stagdso Ahe
connection to mid-Norway and further to northernniMay is
quite weak.

Angle instability is seen typically at inter-areawer transfer
corridors, as between Norway and Sweden in thehsotlie
Hasle corridor — or along 132/420 kV corridor ire tNorth
(the "Salten mode" - 0,6 Hz). The oscillations cdst¢ are
either towards Sweden (typically 0.50 Hz) or alswvdrds
Finland (0.35 Hz). The large power surplus of setth
Norland towards mid Norway and also power intergean
between areas of the western part makes anguldlitgtaften
a problem. A lot of local oscillations have beearsespecially
on radial lines.

In Norway most generating units of sizes above 2BAMire
equipped with classical Power System Stabilizeh®e Mature
of these stabilizers is mainly to damp the eigerssoadf the
unit. This will always contribute to damping, bugaynnot be
optimal for all modes especially not for inter-areades.

Ill.  OBJECTIVE AND SIMULATION MODELS

The main objective of this work is to investigatential of
the hydro governor to act as a damping device. classical
generator side damping via the excitation contthpshall
thereby be extended by the utilization of the actpower
control path respectively the hydro governor. The af this
novel approach is to improve the damping behaviolow
frequency oscillations under weak grid conditionsnf the
generator’'s perspective.

Utilizing a Single Machine Infinite Bus SMIB system
principle characteristics of the governor systenuigoed
with a Power System StabilizerGovernor (PSS-G) are
derived in a first stage. The advantage of this ehdsl the

Kundur two-area system described in [1], which $&diin
many small signal studies.
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Figure 1  Block diagram of the electrohydraulic gma¥ model,
PI controller, pilot servo and gate servo

The controllers of the additional generators respely the

dynamic model structures and parameters basically an

the recommendations in the respective IEEE docusnint
[2], [3] and [4]. On basis of this configurationetinteraction
of the controllers is of central concern. For eaobdel the
investigations are based upon linear theory as altime
domain simulations taking into account nonlinednéxéor of

the system.

IV. THE CLASSICAL POWERSYSTEM STABILIZER PSS-E
A. General

The common used damping device Power System Stbii
PSS-E Power System StabilizerExcitation) is used to
increase the damping of local or inter-area ogimles. The
utilized control loop is the voltage control paththwthe
advantage of a fast action devoid of additional maadcal
actuator utilization. A widely used linear generato
representation for the analysis of the PSS-E impadhe
Heffron-Phillips or K-constant model shown in Figu2. The
structure and meaning of the constants is furthesmo
described in [5] in detail.
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Figure 2 Block diagram of detailed system includéhgnges in field flux
linkage variation, Automatic Voltage Regulator-AV&alized as excitation
system ST1Aand the effect of the PSS-E in K-constant repiiasien [1]

absence of mutual coupling among generators andr oth

controllers or other damping devices and thus sbtation of
the dynamic characteristics of the hydro governer aa
damping device.

The investigated governor, used is many modernchgdwer
plants, is an electrohydraulic type shown in Figure

From the basic idea the constants K1-K6 are derived
putting the system parameters in relation to theeggor
speed deviation and rotor angle deviation.

The resulting torque contributions from the exaitatpath
AT. in case of small deviations from the steady statethus

Due to the extension of the generator and contsolté the P€ separated into terms in phase with the speedtievAo
Single Machine Model by three more generators akg@@mping torque component) and in phase with therro

interconnection lineshe second stagelultimachine Model
is deployed. The topology is related to the welkn

angle deviationA$ (synchronizing torque component). In

2 Static excitation system, for further details s [



most small signal stability studies the contribativom the

synchronous generator connected to an infinite loua. four

governor pathT,, is neglected. Typical settings for the PSSgenerator multimachine model interactions betwaenareas

E output limits are in the range of 3% up to 5%h& actual
terminal voltage. This is due to the mutual infloeramong
the PSS-E and the voltage control of the generdtooncern
respectively the voltage controls of neighboringegators.

B. Drawbacks

Even though the PSS-E is operating via the excitatiystem
very fast and it can provide a positive impact loe damping
the beneficial impact on damping during unfavoragtel
conditions and high generator connection impedarises
limited. The reason is the
electrically neighboring generators (e.g. withipawver plant
with more than one generators, see [6]) resultmimpcreased
influence on the voltage control. In this regard limitations
of the PSS-E output can significantly reduce thaefieial
impact on the target oscillation. Furthermore isecaf poorly
damped inter-area oscillations the reduced effagien power
oscillation damping can affect a wide range of thmver
system.

Additionally, the dependency of the damping behawvio the
operating conditions of the generator also impliest the
optimal settings for a PSS-E are varying dependinghe
prevailing grid conditions. This implies challengks the
parameterization of the PSS-E ( [7], [8]). In ordersolve
these problems several robust parameterizationmitpees
have been developed, such as hethods, linear matrix
inequalities or supervisory level power system ititadss [9].
Optimization algorithms addressing the immanentngeain
operation conditions are presented in [10].

V. HYDRO TURBINE GOVERNOR ASDAMPING DEVICE
PSS-G

A. General Issues

The focus in this work is on the behavior of hydmvernors
and their actuators in case of low frequency catiilhs. For
most of the small signal stability investigationdet
contribution of the hydro governor in terms of dangpand
synchronizing torque contributions has been negtect
Here the contribution from the governor is analyméth and
without the effect of the PSS-G. Furthermore, tigervalue
shifts for various PSS-G input signals are tracksithg root
locus plots. Special attention is thereby put orakverid
conditions with limited impact of the PSS-E as disd in
section IV.B.

The oscillation frequency range of interest whete t
investigation focuses on is defined in the regiboszillation
frequencies below 0.5 Hz where the contribution tioé
governor is believed to be realistic regarding #wtuator
speed limits. This range is typically dedicatedirtter-area
oscillations.

B. Linear Approach — The Extended Heffron-Phillips Mbd
The general approach is structured stepwise, sgaftom a
small, principle Single Machine Infinite Bus Mod&MIB to

a more complex multimachine model. Principle relaships
and feasibility considerations are based on a ein

increased coupling among

and the mutual interactions between control loopsirger
area oscillations are illuminated.

The standard Heffron-Phillips model in Figure Zherefore
extended by the governor control path including B&S-G,
both summarized in the complex transfer functiqRGnicars)
In Figure 3 the extended Heffron-Phillips repreadah of
the synchronous generator with PSS-E includinggtheernor
system and the PSS-G for a single machine modélog/n.
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Figure 3 Block diagram of extended Heffron-Philippsdel including
changes in field flux linkage variation, AVR rea&izas excitation system
ST1A* the effect of the PS-E, governor and PG

Additionally to the damping and synchronizing toequ
provided by the voltage control loop, represented tie

constants K-Kg and optionally the transfer functiones£s.5

the contributions from the governor control path

represented by the transfer functioge&anica(S) including the
governor and PSS-G characteristics.

C. Derivation of Governor Impact

A simplified representation of the extended Heffihillips
model is given in Figure 4. The voltage control doo
(constants K-Kg) is thereby represented by the complex
transfer function Gecrica(S) Whereas the governor control
path including the PSS-G is summarized jp&unicS)-

is

Ghechanical(S)

GE\ecmcal ( S)

Figure 4 Summarized Heffron-Phillips model for #lectrical control path
Gelecrica(S) @and the mechanical control patheanicz(S) including PSS-G

The perturbation of the mechanical torgné&,, is at the
complex frequency smj is proportional to the speed
deviationAw. Splitting GyechanicalS) in real and imaginary part
the generalized transfer function for the mechdrggstem is
given by

Static excitation system, for further details s&e [



but almost constant for the various grid impedanddsis,
AT = Gumechanical(S) - Aw= 1) the decay in the damping torque from the electriidé is
= Real{Gpechanical ()} - Aw + j * Aw - Imag{Gmechanical ()} superposed by a constant decrease from the meehaide
leading to the resulting damping torque &p
where Real and Imag correspond to the real papentisely
the imaginary part ofT,,. R e S S IO
The first term in phase withw is dedicated to the damping -~ -+~~~
term KD. The second term in phase withAw) needsto be  _=..__ o ___

=
]

Hence, for a system eigenvalueepresenting an oscillation 4 - - - - - -
mode of interest and introducing, as the rated angular | "''] " -

0.35 0.4 045 05 055 06 065 07 0.75 08 0.85

rearranged and split up in terms in phase With(damping | - o
torque) and in phase with8 (synchronizing torque) using the : S | | | I
relation taken from Figure 4 2 T 1 e
A8=%-Am [ T e e e e

velocity the contribution from the governor sidenche o mpeance ) o Generator e

determined with Figure 5 Damping torque components @f.Gica (KDte) and Grechanical
(KD+m), variation of grid impedance in terms of generé@se impedance

Imag{Gyechanical ()} * Real{}\}]

KDprm = [Real{GMechanical(s)} + Imag{\}

For the variation of the infinite bus voltage frdh®.p.u. to
1.1 p.u. the damping torque provided by the exoitasystem

ks — [Imag{GMechamcal(s)} - Imag{A} (38) increases whereas the contributions from the gavesontrol

ATm = w, path damping remain almost constant but negativee T
N Imag{Gumechanical (S)} - Real{l}z] associated scatterplot is displayed in Figure 6.
;- Imag{A}

oo [ [ \77’7;,);\

Consequently, KR, is the damping component and #3s [y i ffffff ﬂ: ffffff :f ffffff i ffffff i,,, : EE;”:

the synchronizing component provided byje€aanical In the I R e Lo - Lol

following chapter the damping components are illeed in L S S Y S R R

more detail for varying grid conditions. o L L L L I !

VI. COMPARISSON OF THELINEAR CHARACTERISTICSOF ¢ | R R

THE GOVERNOR ANDV OLTAGE CONTROL PATH | | | | | | |

The results derived in this chapter are based om 1° | i 777777 ] 777777 I 777777 i 777777 ] 777777 ]

investigation of the SMIB model. As described inapter ; ; ; ; ; ;

IV.B. the impact of damping control action via theltage T o o A

control path leads to mutual coupling with othedtage — ++------ m- - oo oo oo i |

control devices in electrical neighborhood and treials a Tw , \ , ) 1

sensitivity to changes of the damping behavior a&sec of e 6 Daming t oo o d -
changes in grid conditions. igure amping torque components @fegicaand Grechanicas Variation

. . . . of infinite bus voltage
From further interest in this regard is the robastof the 9

governor control path (without PSS-G) to changesyilll  concluding Figure 5 and Figure 6 the governor adrpath

impedance, infinite bus voltage and the frequeesponse of provides negative damping for the investigated aden
the transfer function facnanicar Thus, equation (3) is applied gy rthermore a robust damping behavior regardinggés in

to the governor control path (fnanicd ObServing the gy impedance and bus voltage is observed whetieas
contributions of the damping torque component-jBor voltage control path shows high sensitivity.

various grl(_j conditions.  Analogously, _foII_owmg thei Figure 7 the frequency response Gf.GanicS) is derived
descriptions in [1] chapter 12, the same routintioise for the i, the oscillation frequency of interest from 0182 up to
voltage control path (fcuica) resulting in the damping 5 4 |t can be observed that the governor systemwiges
torque component Kfa. negative damping to the system in the frequencygedmm
In Figure 5 the damping torque componentsfk&nd KDm .05 Hz to 0.7 Hz. Similar behavior for governofssteam
as well their sum are shown for various grid impees (9rid  {,rpine systems has been observed in [7], [8] a1d. [The

impedance given in p.u. in terms of generator baggnchronizing component is very close to zero thhmut the
impedance). The damping torque component +KDs changes in frequency.

decreasing with increasing grid impedance. Therdmtton
from the mechanical transfer function,&anicaliS Negative
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VILI.

The results shown in this chapter are derived fro
simulations utilizing the two-area multimachine rebdThe
occurring inter area mode between area 1 and areahis
the target mode for the parameterization of the-BSShe
input signal for the PSS-G is chosen to be thel Isigmal R
(accelerating power, difference between mecharéciive
power and electrical active power of the generaamg the
Wide Area Measurement System- WAMS signal of therin
area tie line voltage differencgg iine

The optimized PSS-G parameters for the target narde
derived by the application of the residue metha?| b the
mechanical inter-area oscillation.

A. Modal Analysis

The modal analysis gives insight to the linear pti&d of the
governor influence on damping the target mode. Thiues
PSS-G variously connected with Bnd Gheta iineiS cCOmpared
to the base case scenario. The root shifts arendi\wigure
8 and illustrate the vertical shift of the root mmponding to
the inter area mode (marked with the blue frame).

o BisCis
3
.
15 ¢
¢
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SIMULATION RESULTS
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Figure 8 Scatter plot of the poles for the base eaml PSS-G using input

signals accelerating powey &nd inter-area tie line voltage angel difference
Oinet: line; OOt shift of inter area mode marked in blue feam

From Figure 8 one can observe that the base cteeairea
mode provides a poor damping of 2% at an osalfati
frequency of 0.4 Hz. Furthermore, the tie line agk angle
difference is resulting in a mode damping of mdrant 20 %.
The PSS-G supplied withyHeads to a damping of the
mechanical oscillation of 15 % whereas the corgrothode
is very close with a damping of 20 %.

In Figure 9 the corresponding mode shape is shown.

Figure 9 Mode shape of the inter area mode, base (&ft), PSS-G
active(right); exemplary usingsRs input signal

The PSS-G is applied at generator 2 resulting ia th
dominating speed deviation.

B. Time Domain Simulations

In the time domain simulation the PSS-G using tbeall
Qignal R as input signal is investigated more closely. The
principle conclusion is similar using other inpigrals such

as Ghen iine OF tie line active power. The excitation of the
generator oscillations results from a three phaset <ircuit

in the middle of the inter-area tie line. The faigltcleared
after 150 ms.

The upper picture in Figure 10 shows the time cesidf the
base case. After the decay of the well damped local
oscillations at around t=10s the inter area mode ba
observed. Generator 1 and 2 in area 1 are swinggiagnst
generator 2 and 4 in area 2. The inter-are odoiflat
frequency is estimated with 0.4 Hz.

Frequency / Hz

¥

Figure 10 Speed deviations of the generators; Base in upper picture,
PSS-G using Pas input signal in lower picture



In the lower picture one can see the time coursle the PSS-
G active at generator 2. The inter area oscillatespectively
the target mode is decayed after 20 s.

VIll. MAJORRESULTS

As a major result the capability of digital hydrovwgrnor
systems to act
demonstrated for an inter-are oscillation with eqgfrency of
0.4 Hz.

The governor path has shown negative damping taions
over a wide range of oscillation frequencies. Instraiability
studies this amount is rightly neglected. HoweYer, very

poor damped low frequency modes the amount of igesit

damping provided by the excitation path has beawshto
be in the range of the negative contribution predidy the
governor. In such cases the inclusion of the gawesystem
damping is recommended.

From the analysis of the voltage and governor comath it
is concluded that the governor control path is sblagainst
changes in grid impedance and bus voltage andabamst
changes in grid conditions. In contrast the contidn of the
voltage control path to system damping is sensitivéoth,
grid impedances and terminal voltage. This impéés that
the impact of the voltage control path respectivbly PSS-E
is saturated as the grid conditions are poor.

In the time domain simulations the potential defesd from
the linear analysis is tested under the restristiof the
actuator speed limits. The limitation in the impant system

damping of the governor is predominantly given Ine t

respective speed limits of the actuators of thedgebvernor.
Depending on the applied turbine type these linoitet can

vary strongly weather the limiting element is tlang system

of a Francis type or the deflector system of adpetype.
According to the simulation results, the PSS-G praven to
be able to extend the operational range of genersite

damping towards low frequencies and under poor grid

conditions.
IX.  CONCLUSION

The PSS-E and PSS-G could possibly complement @hein
to extend the overall oscillation frequency speattriowards
lower frequencies and high connection impedanceshef
generator. Oscillations with frequencies below 8z5could
be better handled with the PSS-G under the merdignmiel
conditions, depending on the respective actuateedpimits
of the governor system. Thus, the ability of thevegoor

as a damping device was deriv

system for damping
oscillation frequencies.
As seen from the simulations in time domain theegoor
system equipped with a PSS-G shows higher ampé§tude
actuator excursions during the occurrence of aaiihs
compared to governors without PSS-G. The dimensidhis

efiditional stress for the mechanical system isrdeteed by

the number and duration of oscillation events. &fwe, the
detailed investigation of the impact of the incexhsctuator
movements on the mechanical and the hydraulic sysse
deemed necessary
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