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Interactions analysis of UPFC multifunction
controller

S. Robak, and D.D.Rasolomampionokkember, |EEE

Abstract — Internal interactions between control paths area
pivotal issue in multifunction FACTS controller desgn. One of
the main stages of controller synthesis is an apppoate
interaction analysis. This paper presents an analys of
interactions of Unified Power Flow Controller (UPFQ. It is
shown that multifunction operation of UPFC controller could be a
source of interactions. The test system analysis $iabeen
performed on the basis of linear system control thary.

Index Terms-- FACTS devices, inter-area oscillations, relative
gain array, stability.

|. INTRODUCTION

In order to meet demanded electric energy quatityell
as to ensure stable operation of power systenréiffaypes of
controllers are applied. One category is associatéth
network controllable elements among other FACT Siabesy

conclusions are the results of inadequate tuninthefUPFC
multifunction controller or specific conditions ofJPFC
interactions. Investigations presented in this pamer in the
framework of earlier researches and show that thesealso
other reasons of interactions among different abraths of
UPFC multifunction controller.

The structure of this paper is as follows. Firstgemeral
approach to the analysis of UPFC multifunction ertly
presented. Then a simple functional UPFC modeéscdbed.
The next step is a short description of multi-maehpower
system model including UPFC devices and chosersyssem.
In the case of different multifunction UPFC conlkeolinput
signals interactions are investigated using redagiain array
(RGA). For more precision about interaction analyfie
generalised dynamic relative gain (GDRG) is usédalfy an
eigenvalues analysis is performed to confirm eadigtained
results.

which generally are installed in order to make powe

transmission more flexible.

For the sake of FACTS numerous control advantages,
application in power system control is expectecbéomuch
wider than today. Because of wide control capabite

Il. MULTIFUNCTION CONTROL OFUPFCDEVICE

A. Unified power flow controller
A general scheme of the different UPFC elementsivisn

research centers paid a particular attention onnitate and in Fig. 1 [5,6].

phase regulated device Unified Power
(UPFC). The main advantage of UPFC is that it sffar
simultaneous control of line reactive and activevg@oas well
as node voltage magnitude. Therefore, in the gérearse
UPFC is equipped with a multifunction controllerhioh
realizes steady state control.
supplementary control loops, which can be usedaio g@n
efficient damping of power system oscillations. Taleove
mentioned advantages of UPFC resulted in publioatb
many papers concerning UPFC appropriate contrarifgn
development [1-3], but only a few of them
investigations of control interaction effect [3,4].

Nowadays awareness of control limitations due
controllers’ interactions is much common. On thkeothand
the number of controllable elements installed iw@osystem
arises rapidly. Therefore the problem of interattamalysis
becomes more complex.

Interactions caused by UPFC controller
preliminary studied and reported in [3,4].
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Bg. 1. Schematic diagram of UPFC.

Considering the above-presented scheme, it is kmeivn
that input signalsm.,m; and ¢, y; control magnitude and

phase modulation of converters GTOl and GTOZ2,
respectively. A full control performance of the UPEan be

e

obtained using all of four control signafs.,m, and ¢, ¢;,
of which the UPFC controller is used. The UPFCesepart
controls active and reactive power flow of the smaission
line whereas shunt part influences only reactivevggoby
controlling the node voltage/ .. Detailed description of
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UPFC device can be found in [5]. reactive power generation or absorption, then dig iis to
control the voltage7a . The above presented model is close to
the simple UPFC functional model depicted in Figh@wvever
from the point the of view of interaction analysisaccurate
enough.

B. Smplified representation of UPFC

Fig. 2 shows a simplified illustration of UPFC cigniration
given in Fig. 1, where shunt and series part of Wfd-C is

represented by the shunt voltage soukte and the series

voltage sourcéy/ . n= @+B)+iy
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I ﬁ | Fig. 3. Simplified model of UPFC.

: J\);E — _| nterna link of : C. UPFC multifunction controller

| —F T ZZ:?&??SF?UI | In order to design the controller as well as caoryt

| - UPEC | interaction analysis the variable8, y, B, are considered as

t———— - control signals. Therefore UPFC should be equipp#ith
Fig. 2. Simplified representation of UPFC confiafion. three control elements which allow controlling, y, B,

) ) simultaneously. In general, each of the three dstyfl)y, B,
In the general case active power input to UPFC dldny ) . . .
two channels direct and internal, iB, =P, _ +P The of the above-mentioned multifunction controller sists of
?TrEp  Cdiect T Tinternd © two paths [1]: (i) the main path executing the iieeg steady-
converter GTO1 absorbs (or supplies) active poWgL..., state control strategy (typically it is a PI cotteowith a time
then also the GTO2 converter absorbs (or supptfesjugh constant equals or greater than 10 seconds); apda (i
DC link provided by a storage capacitor. The casewhich supplementary control loop executing the stabigjstontrol.

P.ema 10 is considered as a particular one. The UPFC actiBAsing on results published in [4] the influenceRif main

internal . . .
. . ) . controller on UPFC control interactions can be gl Hence
is then considered as a combined action of two etésn shunt only the influence of UPFC stabilising path has rbee

element, which can .eith.er supply or.absorb reaaaimrgy and considered in this paper.
series element, which is characterized by voltaggnitude
and phase flexibility for quite a large scale. Hoam®e having ll. POWER SYSTEM MODEL WITHUPFEC
regard to the fact tha®,,,., 00, there is no direct electric
connection between UPFC series and shunt part [4].

If the condition given by the formulae?,.,., 0O is

irect

The linearised power system model including UPFC lza
shortly described as follows [7]:

fulfilled, control interaction between UPFC serisd shunt Ax=Alx+BAu, (1)
part resulting from active power flow through imtet link of Ay =CAx+DAu, (2)
shunt and series part disappears [4]. Accordinguthor’'s

observations that situation does not result autioalit in where: (i) AXZ[AE; AE; Ad Ao AZ]T' state vector

disappearing of interaction with any other systemvick. in case when generators are represented by meantis évder
Interactions could arise as a result of the acodnJPFC mode'y and AVR Systems are represented by meamgec
_rnultlfun_ctloh controller on different control pathsqntrol order modeIAz:[Azl AZZ]T; (i) Ay - output vector; (i)
interaction in case oP 0, are presented and discussed

internal _ T . . )
in the following sections. Au=[ag Ay 0B h mput (cor.1tro|) vecttor, (.'V)
Basing on the above presented considerations tosviog A.B,C,D - state matrix of sizenxn, input matrix of size
simplified model of UPFC [1] shown in Fig. 3 canged for nxr, output matrix of sizemxn, feedforward matrix of size
the analysis of this particular case whé@g, ., C0. mxr; (v) nmr - number of state variables, number of

The ratio componentB is in phase with the voltageOutput variables, number of input variables, retpely.

transmission line, in which the UPFC device isaliet. Its
value corresponds to the voltage magnitude at tiEQJ

location, hence it influences the reactive powewfl The y A three machine test system shown in Fig. 4 has bee
chosen for analysis purpose. An example of UPF@&tios on

the transmission line L4 is indicated in Fig. 4.t&led

parameters of the test system are given in [1]. Types of
electromechanical oscillations occur in the abovesgnted
system. The nature of these oscillations is differEBrequency

IV. TEST SYSTEM

component is perpendicular to the voltage transomistine
then it influences the active power flow. The conalion of
the action of both components corresponds to m@actif
UPFC device series part. The componeBf influences



oscillation 1.2 Hz results from local mode betwgemerators
G1 and G2, whereas 0.8 Hz are inter-area modelatmils

between Area 1 and Area 2.
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Fig. 4. Three-machine test system.

V. RELATIVE GAIN ARRAY

A. Background

Several approaches to the analysis of controligesaction
have been proposed in different papers [8,9]. Bezaf its
simplicity and practicability the relative gain ayr(RGA) has
been extensively used as a measure of static @tilemaln this
approach, the relative gain between the inpyt and the

output y; is defined as follows [9,10]

RGA, =

9

u;

u=0l#j

9

uj

Y =01#]

-1

®3)

Basing on the above presented definition, the maifi

relative gain can be expressed

RGA[G(0)] =[c(0)] O [G '1(0)]T

as

4)

- RGA; =1, there is no interaction with other control;

- RGA; =0, manipulated inputi, does not affect the
output j;

- RGA; = 05, there is a high degree of interaction;

- 05<RGA, <1, there is an interaction between the
control loops. However, this would be the prefeeabl
paring as it would minimise interactions;

- RGA, >1, the interaction reduces the effect gain of the
control loop. Higher controller gains are required;

- RGA, <0, care must be taken with negative RGA
elements. Negative off-diagonal elements indicaied
closing the loop will change the sign of effectigain.
More importantly, negative diagonal elements can

indicate “integral instability” i.e. the control dp is
unstable for any feedback controller.

B. Analysis

RGA method does not require knowledge of control
structure. Therefore in the presented paper RGAkas used
for determinating the possibility of interactiorisimg in case
of applying different input signals to supplementstabilising
controllers of UPFC multifunctional controller. Bhapproach
could be treated as a preliminary study of UPFErattions.

The following local available quantities at UPFCitshing
nodes a,b have been chosen as input signals for UPFC
stabilizing controllers: active poweP , reactive powerQ,
line current magnitudel , squared line current magnitude
| 2 ,active line currentla, reactive line currentlr, node

voltage magnitude/ , squared node voltage magnitudé ,
local frequency f . Table | shows some example results of

RGA analysis. Except the full control of UPFC exteclby

where [0 denotes the element-by-element product of tis§multaneous control of three control variablsg, Ay, ABg ,
two matrices andG(s) means open loop transfer functiorother possible UPFC control actions using only wemtrol

matrix of the system without controller. Main projies of the Signals have been analysed. .

RGA[G(O)] have been widely published in many papers

[9,10]. Same of them can be shortly described kmfs:

TABLE |

RGA MATRICES IN CASE OF DIFFERENT INPUT SIGNALS AND DFERENT OFUPFCCONTROL ACTIONS

Cases| Input signals UPFC control actions
AB-Dy-D0Bg AB-Ay Ay - DB, AB-0Bg

_ Ady =AQq, 0.792 0.002 0.205 0.998  0.002 0.915 0.08 0.723 0.27
§ Ag, =P, -0.07 1.002 0.068 (o.ooz 0.998j [0.085 0.913 (0.277 0.72:3
O Agg = Af, 0.278 -0.005 0.727,

Agg =Alry, 0.46  -0.002 0.542 1.002  -0.002 1.265 -0.26 0575 0.42
; Ag, =Alay, 0.11  1.013 -0.123 [-0.002 1.002) [-0.265 1.2655j (0.425 0.573
8 AGy = Allba|2 0.429 -0.011 0.581
= Ady =AQy, 0317 O© 0.683 1.005  -0.00 0.998 0.002 0.317 0.683
o Aqg, = APy, 0 0.998 0.002 [-0.005 1.0055] (o.ooz 0.998] [0.683 o.317]
S A =00Q, | (0683 0002 0315
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k
Comparison of UPFC input signals different variasttew Neore(J @) :Z|GDRGii(jw) -1 ™
that from the point of view of control interactidhe best . ffl o _
results have been obtained when the following irgighals where k is the number of individual controllers in the

have been usediq, =AQ,,, Aq, =AP,,, Agg = Af, (case [). Multifunction control system.
From Equation (5), it can be concluded that a £8BRG

:Jne:vl?/zter:atiee, fso Tllg\j:vti(re]d 'n;lrj; f)lgzg:qstr?)llliviv ;(;ksa’;m@idgact:nnds number indicates the absence of interaction betveserrol
gp g y loops at a frequencyw=27f . Hence it is desirable to have

Ay - AB; . For these variants of UPFC action the value bf of : .

) i Neora(J@) close to zero for frequency range of interests.
diagonal elements odRGA matrix are very close to zero. The
operation of UPFC series part only (i&88 -Ay ) results in B. Case study
absence of any interaction. Contrary to the actbnpair An adequate selection of UPFC multifunction cornols
AB-Ay , the control action of AB-AB, results in necessary for utilizing the GDRG approach described

interaction arising. For this case the off diagoetment of S€ction VI.B. Obviously there are several typesUstFC

RGA is equal to 0277, which means that interactionscontm"ers' The main reason for which the seleci®to be
occurred. This case reflects general features ef system performed is the limitation of the paper lengtheTdelection

because it was impossible to select adequate isigngls, has F’ee” _co_nductgd after taking_ into consideraﬂik?e
which would ensure the fading of all possible iatgion for following criteria, which should be fulfilled by éhcontroller:

any UPFC control action, especially in case &8 - AB, - the controller should be designed basing on neali
power system model,

action. The remaining cases, which are presentethbie 1 -the controller is characterised by high effeatises of
(Case Il and Case llIlI) confirm this conclusion. power system oscillations damping,
To conclude this part of investigation It can bédsthat - local available quantities can be used as injguiads the
there are conditions for which interactions betweemntrol at UPFC switch nodes,
loops of UPFC device can appear. -the controller should be easy to implement arsl it
structure should be as simple as possible.
VI. GENERALISED DYNAMIC RELATIVE GAIN Among other possible choices one rather new pudgish

o decentralized controller has been selected [1]is lworth

A. Definition of GDRG underlining that the presented analysis concerf@DRG

As it was mentioned, the RGA approach is very sinfplt  approach can be carried out the same way for anthe of
does not take into consideration the control stmagttherefore UPFEC controller.
it is useful only for preliminary tests. In ordey tarry out  The following input signals have been used as isjgrals
more detailed analysis, a method which involvesctiv@roller of the above-presented controller: line reactivergrofor AS
structure and parameters is required. Then a ge&Ha ., jine active power fory control, line reactive power
dynamic relative gain approach which takes intaaot both ) i
the dynamics of the controller and the dynamicthefprocess for AB, control, respectively. A block diagram of contesll
has been utilized. [9]. According to this approaymamic regardingAg is shown in Fig. 5. Similar block diagrams can

with g, =0. In the considered case of UPFC controller, the

interactions can be assessed using the followingdtae: be used for signalay, AB; .
GDRG” :g'l'—(s) (5) :F stabilisirg controller —i
hi (s) | |
) AQab' TﬁS |
whereg; is the {,i) element of matrixG(s) whereash; is | Ke ™ 1+T.s |1
. | B 1
the ¢,i) element of matrixH'(s) defined as follows b - -
. . _ | '_ ________________ —I
H'(9) =[1 -G(9)G(9)]'G(s) =[h] (6) AQ, 1 i e AB
. D — >
where G (s) is the diagonal matrix of system controllers i T Ts i
I I
|

matrix G.(s) includes individual controller for each controkig s. Biock diagram of controller [1].

The time constant of the main steady-state comabh is
larger enough to avoid the appearing of strongatigiiring
power swings [1], therefore the signal of main colnbop can
be ignored during the analysis of control inter@ttaffecting

A practical measure of dynamic loop interactions Qhe electromechanical power swings damping. The
multifunction controller can be obtained from GDRGMber sypplementary stabilising controller is a practitifferentiator
[l with a small time constant. Detailed data of UPR@tmller

signal AB,Ay,AB, respectively.H'(s) is a matrix describing
the closed—loop transfer function matrix of thetsgs with
u, -y, loop open.



are from [11]: K, = 025 T, =04, K, =025 T, =02,
Ke =2, T, =02.
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Fig.6. Magnitudes of GDRG in case of differenttjahrcontrol action of UPFC device: @5 —Ay action, b)Ay—ABg action, bottom plots:
AB, == Ay, oo ABg.

Fig. 6 shows Ngpre(jw ) index corresponding to threeassociated withAB; has deep minimum. Hence the total
different partial control actions of UPFC i.eAf—-Ay, magnitude of Ngprs(jw)is not so high. It can then be said
Ay—-ABg; and AB - ABg . Upper plots show the total numbethat for this particular oscillation frequency thetion of AB,
of Ngpre(jw), whereas bottom plots show differentontrol signal alleviates that @4 control signal.
contributions of control signals iN e (j@) . It is easy to A more general view of properties of the considesgstem
observe that in the first two case&f-Ay and Ay-AB,), IS shown in Fig. 7, which depicts the indé¥gpre(je) in

the properties of considered system are quite aimifor the case of full control of UPFC device i.458 - Ay - AB; .
considered casedl;(jw) is equal to zero except for the

neighbouring frequencies corresponding to electobraeical

5

swings (i.e. 0.8 Hz and 1.2 Hz). This feature ipeesally 3 4

important from the point of view of additional cauit | 3

interaction between UPFC controller and Automatinltage 5 ) A ~
Regulator systems located in each synchronous ajemer /20 el
After having performing the comparison of the above 1 /

mentioned cases, a slightly better control has he®ained 0

using Ay —ABg as a control action. In this case the amplitude 0 0.5 1 15 2
of total Ngpre (j@) is the smallest. 2

In the third case of UPFC control actiah3 —AB; the

properties of the considered system are quiterdifite Firstly
it could be seen that the indeMgrs(jw) associated with

NGDRG (pU)
[N
L I

AB and AB; control signals has non-zero values for the 05 Pl e
. . e [
whole considered frequency range. Moreoveg e () / ','1\\ ~
associated withAS has a high-value visible maximum for o o5 TR )
frequency corresponding to one of two electromeician frequency (Hz)
swings. Fortunately for this frequency th& (jw) Fig- 7. Magnitude of GDRG in case of full contaflUPFC device, bottom
GDRG plots: AB, ------- Dy, eeeeeeees ABg.
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As it was mentioned above the upper plot showstdted controller presented in section VI.B assure a giaahping of
number of Ngyre(jw), whereas bottom plot shows théboth electromechanical eigenvalues. However inangas

contribution of individual control signals itNpee(jew) . In  CONtrol path gain corresponding W3 control signal makes
this case the maximum value of the total amplituafe the system unstable (see case 3 wKgr= 035). Instability is
Neore (j@) Is higher comparing to cases, in which the UPF€used by hunting phenomena, which explanation lman
action was partial. Additionally it can be seentttie total found in literature [12]. The considered system lbarbrought
amplitude of Ngpc(jw) is more similar to the oneback to stable work by common operation A -AB,
corresponding to the case of partial actiag -AB, than control signals. It can be seen very clearly that action of
other cases of UPFC partial action. Hence we cantisat ABy control signal alleviates the effect &f3 control signal.
control interaction betweel\3 and AB, has an important Then the interaction betweedS and AB; is positive.
influence on properties of the UPFC control in cas&)PFC Additional results presented in Table Il show, ttrere is no
full action. positive interaction betwee\y and ABgor AS control
signals. The instability caused by hunting phenamiencase
of K, =035, could not be alleviated by running other control
The confirmation of the above presented interactigignals.
analysis has been conducted by means of eigenvahadgsis.
Table 2 shows some results for different valuestabilizing
gains of UPFC control actions. Selected gains ofFCOP

VII. EIGENVALUES ANALYSIS

TABLE Il. CLOSED LOOP EIGENVALUES

multifunction controller gains eigenvalues

Case Ks K, Kg local inter-area unstable
1 0 0 0 -0.363j7.597 -0.07%j5.175 -
2 0.25 0.25 2 -1.156j7.702 -0.67%j5.357 -
3 0.35 0 0 -0.435+j7.439 -0.13%j5.000 2.82@j15.845
4 0.35 0 2 -0.46%j7.707 -0.2725.248 -
5 0.35 0.25 0 -0.918+j7.521 -0.583j5.147 1.112j15.526
6 0 0.35 0 -1.042+ 7.269 -0.78%j5.136 3.18%j22.761
7 0 0.35 2 -1.05%j 7.216 -0.862j5.157 3.949j22.891
8 0.25 0.35 0 -1.0867.173 -0.892j5.104 3.913j27247

For this approach the study results obtained bynseaf
frequency characteristics confirmed previously made
The need for interaction analysis of controlleredusn ©Observations using RGA method. Moreover it was okese
power system is real. Negative interactions mayheesource that the action ofAB; control signal can alleviate that a3
of abnormal states and disturbances, even black-out control signal. Therefore the revealed interactiaa a positive
In this paper two approaches have been applied doaracter.
determine the properties of UPFC interactions. Tinst Additionally eigenvalues test results performeddifferent
approach was based on Relative Gain Array methbd RGA gains of UPFC multifunction controller have confidthe
has been used in exploratory analysis in ordeeterchine the righteousness of the conducted analysis based o &Gl
influence of different input signals on interactimetween DGRG methods.
UPFC control paths of multifunction controller. Toentrol of Although the above-presented analysis has beeiedarut
two signals AB and AB;, on line reactive flow and buson a functional model of UPFC, it can be easilypdd and

voltage magnitude respectively was described. & bhaen confirmed for a more detailed one. The describepr@grh
outlined that a common action of both signals cesult in May be used for the analysis of complex interastioetween
interaction. The performed analysis has shown ihais multifunction controller UPFC and other than FACp8&wer
impossible to select such local available inpuhaig, whose System controllers.
the use could prevent system from UPFC interactions

The second more detailed approach was based on
Generalised Dynamic Relative Gain method, whiclesaikto
account both system model and a particular coetratiodel.

VIIl. CONCLUSIONS
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