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Abstract— Implementation of smart wires in conventional reactive power compensation, voltage control anegodlow

transmission grids is one of major steps to tramsfthem
into a smarter grid. Distributed flexible AC- tranission

control [1].
The UPFC is mainly used to control the power flowai

system (D-FACTS) is a recently advanced FACTS dgevic transmission system. The UPFC located between twesis

with high flexibility and smaller size. The disttited power

used to control the active and reactive powers ifigwin

flow controller (DPFC) operates based on the D-FACT transmission line while controlling voltage at thain bus. It
concept. The DPFC can be regarded as a UPFC withoubnsists of two converters, one connected in shodtother
common DC link. The DPFC can control power flow in in series between two buses. The shunt and sesieseders

transmission lines, regulate bus voltages and it akso
enhance stability margin in power grids.

Adaptive-neural
(ANFIS) combines features of artificial neural netkw and
fuzzy controller. The ANFIS is nonlinear controlligrat can
improve stability of the power system under diffdare
operating conditions. This paper presents the eaiin of
the neuro- fuzzy in DPFC- auxiliary controller tmprove
stability of power systems using wide area measartm
provided by PMUs. This controller is implementedainwo

can exchange power through a DC link [2].
Distributed FACTS (D-FACTS) devices use a similar

network-based fuzzy inference syste approach for implementing high power FACTS deviCHse

D-FACTS devices with lower costs and more flextfilcan
enhance the reliability and controllability of teamission and
distribution systems. These devices improve adiletation

and end-user power quality with minimizing systemstcand
environmental effects [3], [4]. The concept of atdbuted
power flow controller (DPFC) is utilized to illustie the
flexibility of a D-FACTS device. The DPFC has thamse

area and a multi machine power system test case. Thcontrol capability as the UPFC, which adjusts thee |
simulations show that DPFC based ANFIS- auxiliaryimpedance, the bus voltage angles, and the busgeolt

controller in series or, and shunt converter campmla
oscillations and increase stability in a wide ramofjesystem
operating conditions rather than the classic- #@anyil
controller used conventionally in the DPFC.

Keywords-- Auxiliary ANFIS- controller, distributedower
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I. INTRODUCTION

The flexible AC transmission systems (FACTS) desjce
such as static synchronous compensator (STATCOtdbics
VAR compensator

compensator (SSSC) and unified power flow controlle

(UPFC) can be connected in series, parallel, amabination
of them with transmission lines. These devices mapose
more control functions; including voltage regulatigpower
flow control and improving stability and dynamichaior of
advanced power systems while their important cdipiasiare

magnitude. It is composed of multiple small-siaegte-phase
converters instead of the one large-size threegbases and
shunt converter as in the UPFC. It places in trassion lines
in a distributed method [5].

The main application of DPFC lies in its ability in
controlling the power flow through the grid. Thiapability
can be used for more efficient usage of existinggrogrids
which faced new challenges as the penetration rigwable
power generation increased substantially in recgrdrs.
However, DPFC can propose a wide range of bentfitae
grid and act as one of main equipment of the futimarter
transmission grid. Power oscillation damping anchadyic
stability enhancement using FACTS devices such as-g
controlled series capacitors (GCSC), SVC, STATCOM a
UPFC has been well elaborated in the literature 9j6-A

(SVC), static series synchronouémiﬁEd model for the analysis of FACTS devicesiamping

power system oscillations and different controhtéques for

damping undesirable inter-area oscillations in posystems

have been proposed by means of power system geaBili
(PSS), SVCs, STATCOMSs and DPFC [10- 13].

Power systems containing generators and powereiecs
based FACTS devices are large-scale nonlinear
multivariable systems with dynamic characteristmser a
wide range of operating conditions. The conventidimear

and



control techniques (classic or Pl controller) haeen widely
used to design the internal controllers of FACT8icks [1],
[2].

Nonlinear controllers such as fuzzy logic contndle
neural networks, Adaptive neuro- fuzzy interfacesteyn
(ANFIS) and etc. can provide better performanceyistems
with nonlinear behavior. These controllers also dne®
mathematical model of the system and are robushstgall
disturbances. ANFIS has abilities such as learradgptation
and to make inferences [14- 17].

This paper presents an effective control schem®fFC
in a power system with ANFIS- damping controlleptesent
adequate damping in power systems under variousatipg
conditions. The damping characteristics of a cotiveal
PID damping controller and the designed ANFIS- dimmp
controller is compared which shows excellent pentamce of
the proposed controller.

This paper is organized as follows; the structurd enain
components of DPFC is introduced in Section 2. Gtwrol
strategy of the DPFC is expressed in section 3.igbnes
procedure of damping controller based on PID and-isN
controllers are presented in Sections 4 and 5 ctispdy.
Simulation results and comparative analysis of shedied
system response with PID and the designed ANFIByizg
controllers in a two area power system and threghinas, 9
buses system (WSCC) are described in Section &cifgpe
important conclusions of the paper are drawn intiSed.

Il. D-FACTS DEVICES

Distributed power flow controller (DPFC) is derived

from the UPFC with a same concept and functionalitye
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Fig. 1. DPFC structure and components in a power system

The common DC link of the UPFC is eliminated in the

DPFC configuration and series converters are Uisteid
along the transmission line. The DPFC consistsnef shunt
and several series-connected single phase corseffée
shunt converter is similar to a STATCOM, while theries
converter uses the distributed synchronous
compensator (DSSC) concept. The DPFC uses sevegéds
phase converters instead of one three-phase cenvant
they are independent from each other [5], [12-1Bhe
converters of the series units (DSSC) are conneitieithe
transmission line by single-turn transformers angedt a
controllable voltage directly into the line. Modttbe voltage
injected by a DSSC unit is in quadrature with tine lcurrent
to control power flow in transmission line by inSeg
inductive or capacitive impedance [13].

I1l.  THE CONTROL STRATEGY OF DPFC

The central control unit generates reference siyfwalthe
shunt and series converters of the DPFC to regtitetdous

series

DPFC have the capability of controlling main systemvoltage and to control power flow in transmissiamel All
parameters i.e. power flow, bus voltage angle andhe reference signals generated by the centratalamit are
magnitude. The common DC link between the shunt andorresponded to the fundamental frequency compsenent

series converters is eliminated in the DPFC [SwLapst,

high reliability and high control capability are ma

characteristics of the DPFC in contrast to the UFFC

Fig.1 shows a conceptual schematic of a DPFC used i
transmission line for managing power flow by coting the
line impedance, bus voltage angle and magnitudea in
transmission line.

Active and reactive power exchange between thetsdmnoh
series converters in the DPFC is implemented thraihgd
harmonic currents. In a three-phase system, thiaBmonic
in each phase is identical, which means they tdeatezero-

A. The Series Converter Controller

Fig.2 shows control system of the series conv§Bief13],
[18], [19]. The phase-locked loop (PLL) in the ssari
converter extracts phase anghg {rom the line current. The
phase shifter changes the phasdo 6 —90° to increase
power flow in transmission line. The voltage redota
regulates DC voltage and it tracks the referencevbi@ge.
Hence, The DSSC injects a series voltage in quadratith
the line current and consequently can control actwd
reactive power in the transmission line.

sequence components. The zero-sequence harmonibecan
filtered by YA transformers which are placed in two sides of
the DPFC [15].
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B. The Shunt Converter Controller

IV. DESIGN OF A PID DAMPING CONTROLLER FOR SERIES
AND SHUNT CONVERTER

For damping power oscillations and enhancing power
system stability, an auxiliary controller could ddded to the
main controller of the DPFC [18- 22]. The convendabPID
damping controller consists of a washout and Piizhl
Synchronized phasor measurements units (PMUS) geovi
state measurements including voltage magnitudetagel
phase angle, and frequency [23], [24]. Wide-aresdlf@ck
consisting of phase angle and frequency measuranfiem
PMUs in the areas is used for designing auxiliamytoller to
damp the oscillations [25], [26].

The input of auxiliary damping controller is thevidions
of voltage phase angl&9,, (6, — 8,) between two buses of
synchronous machines (areas of a power systenguifsit is
a damping signal to the main control system in oriabe
improve the system damping. The deviations of plzasge
A6, are obtained from PMUs.

To make the series and/or shunt converter ableitigate

Fig.3 indicates block diagram of the shunt converte low frequency power oscillations and improving powe

controller in the DPFC [5], [19- 21]. When thg[}+ V.., the
reactive power flows from the AC system to the STAOM

system stability, an auxiliary control loop has eelded in
the main series and/or shunt controller of the DREGhown

and the STATCOM operates as an inductive load. Whemn Fig. 2(a) and Fig. 3(a). The transfer functio(sHof the

[Ve|<Wrerl, reactive power flows from STATCOM to the AC
system and STATCOM operates as a capacitive loae. T
shunt converter’s control system aims to injectatamlable
reactive current to the grid and keeping the capaddC
voltage at a constant level [5].

'

+

e
PLL

Shunt
Converter 9

Voltage
Regulator
(P)

Single-

phase
inverse
dq

PWM
Gen.

Voltage
Regulator
(P

l—]

sTy
AG,

o T e PID

A6,

12

ANFIS

AVIT\In

AP, —

Fig. 3. Block diagram of the shunt converter (STATCOM)
with (a) PID damping controller and (b) with ANFIS
damping controller

PID damping controller is as follows [22], [27]:
H(9) = (K, + Rt sK,)
1+5sT, S

WhereT,, is the time constant of the washout term which
acts as a high-pass filter. Parameférs K; andK,, are the
proportional gain, integral gain, and derivativengaf the
damping controller respectively.

The classic PID controller explained in this sectimay
not stabilize the power system under parameteatrans and
nonlinear disturbances satisfactorily as preseimaection 6.

1)

V. DESIGN OF A ANFIS DAMPING CONTROLLER FOR
SERIES AND SHUNT CONVERTERS

The Adaptive neuro- fuzzy interface system (ANFIS)
technique provides a procedure for fuzzy modeliragedure
to learn information about a data set, in ordecdmpute the
membership function parameters that best allow the
associated fuzzy inference system to track thengingut-
output data. ANFIS uses either back propagation) (@Pa
combination of least squares (LS) estimation andkba
propagation called hybrid method for membershipcfiom
parameter estimation. The neuro-fuzzy controlletticas the
plant in an optimal approach in the presence ofeand
uncertainty. For the most part, the neuro-fuzzytler can
be adapted/tuned online while controlling the p[&& 31].

In the ANFIS, the forward pass learning estimates t
consequent parameters and backward pass learnotegasp
the premise parameters. The generic fuzzy ruleANFIS
are:



R: IF x is A and y is Bthen f=a;x+b;+c; Layer 1  Layer2 Layer3 Layer4  Layer$5
R IF x is A and y is Bthen f=axx+by+c»
Wherex, yare inputs4; , B; are membership functions, and
a; , b; , c; are consequent parameters [28]. X
Fig.4 indicates the structure of adaptive netwoakea on
fuzzy inference system (ANFIS). The ANFIS netwosK i
consisted of five layers. Each layer contains d#ifié nodes
described by the node function. L@}; denotes the output of y
theith node in layer j [32]:
Layer 1: every nodeis an adaptive node with node

function: o  ad X ykb don
- Fig. 4. The structure of adaptive-network-based on fuzz
Oy = HUa(X) ) 9 p y

OLi = ,uBi(y) A3) In the pro_posed _damping co_ntroller,_ a two-inpute-on
output FLC is considered. The input signals for faezy
controller are the phase angle deviations of the \mitages

In our model, Gaussian membership function is @sed

_ _ 1 x-c., (A0,,) and active power deviationdk,,) to generate the
Hpi (x) =ex E (_U- ) 4) modulated control inpuky/AV in Fig. 2(b) and Fig. 3(b).
I -
Layer 2: each node Il multiplies incoming signalsda A6, ’ IN%
sends the product out. oP, —>
OZ,i = a)l = /'IAi (X)'/'[Bi (y) (5) Fuzzy Controller

Layer 3: each node computes the ratio of ttte rule’'s Fig. 5 Fuzzy- supplementary damping controller

firing strength to the sum of all rules’ firing etrgths The membership functions (MFs) and the consequent

0, = W = _ G models in fuzzy controller are tuned based on biehaf the
! ' w, + w, (6) DPFC and observations. The fuzzy controller usesules
Each output is calculated by product of normalimeights ~and 5 MFs in each variable to compute output artibés
and consequent part. good performance. Five linguistic variables forleagput and
Layer 4: Every node i in this layer is an adaptieele with ~ output variable are defined, namely, Positive BiBY, Positive
a node function: Medium (PM), Zero (Z), Negative Medium (NM), and
_ _ Negative Big (NB). Also, the centroid defuzzificati strategy
O4,i =w.fi=a(@x+h+¢) (7) was used in this fuzzy controller to generate aarxilsignal
Wherea)_i is the normalized output of layer 3. Ay in DSSC and\V in shunt unit (STATCOM) main control

systems.
To design the ANFIS controller, some data setseayaired,;
the training data have been achieved by sampliom finput

Layer 5: the single nodg computes the final output as the
summation of all incoming signals.

. z w; .f, variablesAf,,, AP;, and from output variabldy (in series
05‘i = Z w f == (®) converte'r) oAV (in shunt.converter) control[er. o
i z W, A hybrid learning algorithm (BP and LS) is used ti@ining
i

_ ) _ _ to optimize MFs and rules (inference system) of finezy
Therefore, an adaptive network is functionally eaiént  controller and transform the FLC to ANFIS controll@he
to Sugeno- fuzzy inference system. ANFIS damping controller with a fewer number ofesiland
MFs (system with 9 rules and 3 MFs).can provide shme
level of performance as the original one. Afteruadg the
rules, the computation becomes faster and henkes tass
memory. The control surfaces of the input signaid #e
output signal are shown in Fig.6, where inpufBs,, input2=
AP,, and outputay (in series converter) oAV (in shunt
converter) controller. The ANFIS has been trainsthg 100
epochs and an initial step size of*10
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VI. RESULTS OF SIMULATION AND DISCUSSION

Two Area Power System with DPFC
Fig.7 shows a two area power system with DPFC & th
main interconnection transmission line used herarfalyzing
the proposed controller performance. A 1000 MW huytic
generation plant (Gen-1) is connected to a loadecena a
long 500 kV, 700 km transmission line. The loadteels a
5000 MW resistive load. The load is fed by the resmt000
MVA plant and a local generation of 5000 MVA (pl&@¢n-2).
A load flow has been done on this system with plash-1
producing 950 MW and plant Gen-2 generates 4046 NINg.
line transmits 944 MW and its surge impedance lugadSIL)
is 977 MW [1], [32]. Simulation for dynamic and tisent-
stability analysis has been done in MATLAB/Simulink
environment. The applied parameters and details of
simulation model are presented in the appendix.
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Fig. 7. The two area power

A.1. Dynamic Stability Analysis

For analysing the behaivour of the proposed coletrol
different disturbances with different operationanditions
are studied and the most sever one is reportesl.aksumed
that a self-clearing three phase fault to grounthwault

system used for simulations

Indeed the instability of power system without DPRC
occurred immeduately after fault clearing and thabitty
margin of the simulated two area power systen WIEC is
more than the one without DPFC. The DPFC withoutllamy
controller cannot satabilize the power systen indisent

resistance of @ is occurred near bus A in the system underanalysis.

study and the fault is cleared after 85 millisecoriigure 7
compares power system parameters in two casesiiteand
without DPFC located in the transmission line bithaut any
auxilary controller in the DPFC. The effect of DPRE
improving system stability during the fault can dleserved.

In fact the DPFC provides a delay of about one
second in phase angle deviation in this system.
However with the proposed controller, system
stability will improve significantly as in Figure 9
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In an attempt to verify the performance of the sgd
controller in damping power system oscillationsmgang
controller based PID (classic) and proposed ANEIStller

are incorporated in the DPFC and their effect omvegro

system behavior is shown in Fig.9. It compares remilts
using DPFC with different damping controllers. Tdamping
controller has been inserted in series and/ ortsbamverter
(converters) of the DPFC.
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A.2. Transient Stability Analysis shows a considerable improvement in power systansient
Here it is assumed that a self-clearing three-ptiag# stability by using the proposed ANFIS auxiliary tafler in

with fault impedance of 0.X2 and with 85 milliseconds the DPFC.

duration is occurred at bus (A) near machine GeRig.10
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Table 1 summarizes the critical clearing time (CGf)he
system with various cases of damping controller D&C.
The CCT is improved to 185msec with proposed ANFIS
damping controller in shunt and series convertas. dbvious
that, When DPFC is equipped with a supplementanypitag
controller in series and/ or shunt converters, fiystem

became more stable after a severe disturbance.

Table 1: CCT of the system with various cases of damping
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Fig. 11.The schematic diagram of the three-machine nirge-bu

power system incorporated with DPFC

It is assumed that a three-phase self-clearing ifaotcurred
in the line of 4-5 near bus 5 at t= 22 sec withatlon of 80

controller
Controller CCT (ms)
without DPFC 51
DPFC without any damping controller 73

with PID damping controller in shunt 122
converter

with PID damping controller in series 152
converter

with PID damping controller in shunt and 160

series converter

with ANFIS damping controller in shunt| 163
converter

with ANFIS damping controller in serieg 182
converter

with ANFIS damping controller in shunt 185

and series converter

msec. Like the case of two area machine, implertientaf
the DPFC with proposed ANFIS controller improvestegn

B. Three-Machine Nine-Bus Power System Case
Fig.11 shows the Western System Coordinated Council
(WSCC) 3-machines 9-bus system incorporated witlfr@P
The base power of the system is 100 MVA, and system
frequency is 60 Hz [33- 34]. The DPFC with proposed
controller is inserted in line 5-7 of the system.

stability and oscillations damping in this systdgngicantly.
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Based on above results following conclusions can be VII. CONCLUSION
summarized:

« The DPFC with ANFIS damping controller in seriesliaor
shunt converters has a much more influence onlasoil
damping ratio than DPFC with PID damping controller
over a wide range of disturbances. Also the butagel of
the power system has been regulated significanitly e
DPFC equipped with ANFIS damping controller.

« The series converter with damping controller img®v
dynamic performance and stability of the power eyst
much more than the shunt converter with dampin

Distributed Power Flow Controllers offer a wide ganof
benefits to smart transmission grids among theemi&ncing
power system stability. In this paper an ANFIS loase
auxiliary controller design is proposed for a DP®G@mprove
dynamic and transient performance of power systefs.
combination of both back propagation and least sgua
algorithms has been used for training the ANFIStesys
Simulation results show that the proposed DPFC dase
ANFIS auxiliary controller mitigates low frequency
Yscillations (LFO) better than conventional corlad. The

cqntrollgr. . performance of the neuro- fuzzy controller based-Omas
* Itis obvious from the results that the both seded shunt  paan compared with classic controller in transigtability

controllers equipped with ANFIS damping controller 4 vsis also and results shows a better tranbigmavior of
demonstrates better damping performance to lowfeagy 10 power system under the study. Therefore it ban

oscillations and transient stability margin in ca@mpon  concjuded that the proposed auxiliary controllempiiaves
with series or shunt controller equipped with comienal both dynamic and transient stability of power syste

PID damping controller. The results also show that the DPFC without a $iseci
auxiliary controller can't mitigate oscillations ia power



system. It is shown that the DPFC with ANFIS damgpin The critical
controller in series and/ or in shunt converter effactively
damp electromechanical oscillations and improvedient

stability.
Also,

clearing time

mitigates low frequency oscillations and shows dtele
performance than the shunt convertor damping cbetro

Appendix

Table 2: The Parameters of the tested Power System

Generator 1
(Gen-1)

S, = 1000MVA,V_1,13.8 KV [1520
Xe, Xa.X'a X, . X .
= [1.305,0.296,0.252,0.474,0.243,0.18 ]

[T a0 T" a0, T" qo]= [1.01,0.053,0.1] Sec
Stator Resistance Rs = 2.8544e — 31}

X1

Generator 2
(Gen-2)

S, = 500MVA,V, = 13.8 KV [10°
[Xq4,X 4,X" d,,X’qX” q , Xi]
= [1.305,0.296,0.252,0.474,0.243,0.18 ]
[T a0, T a0, T qo]= [1.01,0.053,0.1] Sec.
Stator ResistancesR 2.8544e-32

Transformer A
(between bus A
and Gen-1)

two machine system

1000 MV 4,13.8 kV/500 kV, [R1, L1]
= [0.002,0.12] P.U., [R2,L2]
= [0.002,0.12]P. U. [Rm, Lm]
= [500,500]P.U

Transformer B
(between bus B
and Gen-2)

5000MVA, 500kV /13.8kV , [Ry, L]
=[0.002,0.12]P.U.,
[R,,L,] = [0.002,0.12]P. U.[Rm, Lm] = [500,500]P.U

Transmission line
length

700 Km

Generator 1
(Gen-1)

S, = 77.25MVA,V,,16.5 KV°
[Xa, X0, X" 0, X ¢, X" ¢, %]
= [1.305,0.296,0.252,0.474,0.243,0.18 ]
[Ta0,T" a0, T 0] = [1.01,0.053,0.1] Sec
Stator Resistance Rs = 2.8544e — 3()

Generator 2
(Gen-2)

S; = 163MVA,V,,18 KV
Xa, X0, X" 0, X ¢, X" ¢, %]
= [1.305,0.296,0.252,0.474,0.243,0.18 ]
[T a0, T" a0, T" 0] = [1.01,0.053,0.1] Sec
Stator Resistance Rs = 0.003 12

Three machine system

Generator 3
(Gen-3)

S1 = 85MVA,V;,13.8 KV
X, X0 X" 0 X ¢, X" 4. X1]
= [1.305,0.296,0.252,0.474,0.243,0.18 ]
[Ta0,T" a0, T 0] = [1.01,0.053,0.1] Sec
Stator Resistance Rs = 2.8544e — 3()

Load A

[P, (MW),Q, (Mvar)] = [125,50 ]

Load B

[P, (MW), Q, (Mvar)] = [90,30]

Load C

[P, (MW), Q, (Mvar)] = [100,35 ]

increases for the praabs
controller compared to its conventional controlldfor
practical implementation, the stochastic commuincetielay
of PMUs should be effectively handled which is ddesed
the series converter with damping controlleras future work




DC voltage of capacitorsV,,

Series converter = 19kV, DC voltage,regulatorgains Kp
= 0.5,Gain Ki = 3.25

DC voltage of capacitors V.
= 4kV,V,. regulator gains Kp = 5,
Ki = 1000 and V. regulator gains Kp
= 0.0001, Ki =0.02

Washout time constant T,, = 0.4, gains [Kp, Ki, Kd]

Shunt converter

PID d . = [45, 180, 33]
amping . :
controller output limits for series converter: [AY min MYmax]
=[-0.3,0.3],
and shunt converter [AVpyin, AVax] = [—0.3,0.3]
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