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Abstract—This paper presents a new scheme of thyristor controlled series compensators (TCSC)-based 

damping controller for damping inter-area oscillations in bulk power systems based on a wide area measurement 

system (WAMS). In this regard, the proposed scheme provides an adaptive three-phase step through real-time 

working mode. In the first step, by proposing dynamic clustering-based technique, wide area signals evaluate 

the inter-area oscillations of the system which in a real-time procedure identify the corresponding oscillating 

areas. In the case of reducing the order of power systems through a set of aggregated coherent areas, the 

proposed scheme implements through the second step which utilizes as a damping controller for damping the 

inter-area oscillations. In this step, the wide area electromechanical signals use as input data through the 

proposed TCSC-based damping controller. The corresponding controlling signals consist of inter-area rotor 

angle (ΔδCOI) and inter-area speed deviation (ΔωCOI) evaluated through center of inertia (COI) frame. In the third 

step, at each time window (ΔT) through real-time working mode, the proposed scheme examines through a set 

of fault occurrences which based on online evaluations of the system dynamic responses, the controller 

parameters adjust adaptively. The proposed controller is an online and non-model-based scheme which properly 

reduces the system order through a set of coherent areas to provide proper damping performances of inter-area 

oscillations. The effectiveness of the proposed scheme evaluates through the Iran National Power Grid with the 

potential of two oscillating areas with proper damping performances for damping the unstable inter-area 

oscillations.   

Index Terms—Dynamic Clustering Technique, Damping Inter-Area Oscillation, Model Reduction, TCSC-

based Wide Area Damping Controller.  



1. Introduction  

Evaluating large-scale power blackouts (i.e. blackout of 2003 at US Northeast) indicates unsecure 

performances of traditional model-based controllers compared to measurement-based controllers with respect to 

sever oscillatory conditions [1]. By using a wide area measurement-based technology namely WAMS within 

recent power systems, it is possible to measure the system dynamic signals with very fast sampling frequencies 

(i.e. 1024 sample/second) and evaluate the security-level of power system dynamics through different time 

durations [2]. (R1-C1) IEEE 1344, IRIG-B, and IEEE C37.118 are three useful standards which discuss the 

synchrophasor technology using PMU and GPS devices. In these standards, PMU is an electronic device which 

works based on synchrophasor technology to estimate the signal frequencies (up to 50/60 samples per cycle) 

using the voltage and/or current phasors. Based on the power system low frequency oscillations, PMUs can be 

very useful in light of the dynamic behavior of a power system to achieve wide-area monitoring, protection, and 

control. In this case of considering base frequency 60 Hz through test system and assuming sampling ratio 60 

samples per cycles, there are 3600 samples per/sec can be extracted from PMU outputs. Based on the inter-area 

oscillation (IAO) frequencies in the range of 0.1-1 Hz, by selecting the highest IAO frequency fIAO=1 Hz, the 

system time moving window Δt can be determined as Δt=1/fIAO= 1 sec which is adequately enough to identify all 

IAOs. Therefore, a few numbers of PMU phasors (e.g. 10 point per/sec) is adequately enough to evaluate the 

IAO severity and determine proper control actions. As it is revealed, the number of PMU sampling ratio is not 

known as an important challenge through controller damping procedure. 

Following the power network structure, WAMS-based measuring devices as Phasor Measurement Units 

(PMUs) are installed at multiple buses of the power system. Based on the PMUs technology and network 

configuration, different dynamical signals can be recorded and estimated with high sampling ratios.  

Also, through using PMU-based signals, it is possible to develop primary protection systems which provide 

simpler actions for power network operators to take proper actions with respect to different contingencies. There 

are different real-time monitoring tools including US-Wide Frequency Monitoring Network (FNET) and Real 

Time Dynamics Monitoring System (RTDMS) [2] which are currently implemented throughout various 

locations of the US power network to monitor and evaluate the system frequency, current and voltage phasors.  

Among various data analysis techniques and software principles, there are some outstanding algorithms or 

approaches targeting accurate identifications of behaviors of power system dynamics such as Prony analysis [3-

4], sensitivity analysis [5-6], Hilbert-Huang transform [7-10] and phasor state estimation [11-15]. Recent 

literatures indicate that most of the provided techniques are concentrated on the use of synchrophasor 



technology for the observation and monitoring of the power system. There are a few proper studies which have 

concentrated on examining and evaluating how the synchrophasor technology, instead of the traditional 

monitoring, can be implemented as an individual feedback controller. By progressing through measuring and 

controlling technologies, the use of wide-area control concept is attended within different power system studies 

especially on damping inter-area oscillations [1]. Evaluating the inter-area oscillations through several large-

scale blackouts deducted that inter-area instability is a result of inadequate knowledge and improperly decided 

actions by the power network operators regarding minor events in the power system and thus leading to the 

large blackouts [16-20]. As an example, an unstable inter-area oscillation has occurred on August 10, 1996 

through two coherent generator groups, one in Southern California and the other in Alberta. Such oscillations 

are against each other with a negative damping ratio. In this case, with respect to the lack of WAMS technology, 

the oscillations have not been observed by the operators and the magnitudes of oscillations have increased a 

time duration resulting in large blackouts that have occurred. Following this contingency, the US west grid has 

been separated into five uncontrolled islands [21].  

Considering WAMS technology and corresponding identification techniques, it is possible to evaluate inter-

area oscillations through a real-time working mode. For evaluating an unstable inter-area oscillation, 

considering some local and global damping controllers are attended to damp the oscillations [22].  

In the case of damping controllers, the effectiveness of FACTS-based devices equipped with global signals as 

a wide-area damping controller has emerged during recent years. There are several methods that have been 

presented by power engineers over the past two decades to control power swings in tie-lines using TCSC-based 

controllers evaluated over different test systems [23-28].  

Following different wide are damping control (WADC) schemes provided in the literatures, controlling 

multiple inter-area oscillations using a distributed wide-area damping controller (DWADC) remains as a 

research gap which has not been investigated deeply through WAMS-based technologies. Inspired from 

recognizing the issue, this paper addresses a generalized outlook of cluster-based techniques to present an 

adaptive wide-area damping controller equipped with TCSC compensators for damping different inter-area 

oscillations. Based on an inverse control strategy, the main idea is provided from which the proposed DWADC 

is designed. The proposed DWADC is an adaptive scheme to adjust controlling gains optimally with respect to 

oscillating patterns through online optimization techniques. With regards to the dynamic clustering technique, 

DWADC can be implemented through both reduced-order and higher-order power system cases. The most 

important innovations of the proposed DWADC scheme are developed through three following steps: 



  Step1-Reducing the Model: In this step, considering wide area signals gathered from WAMS data 

followed by evaluating with the dynamic clustering technique, the reduced-order equivalent models of the 

power system are provided. In this case, the system synchronous generators are clustered through different 

coherent groups from which each group is modeled as an equivalent virtual generator (EVG) in the center of 

inertia (COI) frame. A typical power system consisting three EVGs and 8-tie-lines is illustrated in Figure 1. 
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Figure 1:  Typical test system with three coherent groups and controlled TCSCs for damping the oscillation. 

From Figure 1, depending on the generators’ inertias, the provided EVGs consist of different inertias HEVGi 

and oscillation behaviors that are connected through several tie-lines. Based on the coherency concept through 

the COI frame, the system is divided into three coherent equivalent groups as EVG1, EVG2 and EVG3. In the 

case of identifying coherent groups and corresponding tie-lines, the proposed DWADCs are provided. 

Depending on the oscillating areas, DWADCs are connected through different tie-lines. Detailed explanations 

related to identifying coherent groups and modeling EVGs have been presented in our previous work in [1] 

which had focused on modeling and damping inter-area oscillations.  

Step2-Aggregation: In this step, the required online procedure related to the proposed TCSC-based 

DWADC scheme is provided. In order to implement the proposed scheme, a modal analysis is conducted and 

inter-area oscillating patterns are analyzed from which DWADC parameters are adjusted. By using the online 

optimization technique and monitoring DWAC damping performances, the parameters are evaluated online 

from which the values with the best damping ratios are considered as DWADC controlling parameters.  

Step3-Inversion: This step evaluates the proposed DWADC scheme with a realistic full-order test 

system setup. Considering damping controllers installed at candidate tie-lines, comparative studies of damping 

performances of DWADCs with reduced-order and practical full-order system are evaluated. Inspired from this 



issue, a DWADC scheme developed for the reduced-order EVGs are redesigned for realistic test-system 

considering similar modal analysis procedures. The DWADC parameters are evaluated to reach proper damping 

performances with respect to a full-order test system.  

By considering online evaluations, the abovementioned three-step approach can be implemented properly on 

a n-area power system consisting of different oscillating patterns from which the proposed DWADC scheme can 

be considered as a suitable choice to solve the inter-area damping issues in the presence of multiple oscillating 

areas. 

This paper is organized as in the following. In Section 2, by considering n-machine power system, a TCSC-

based DWADC is formulated through a set of optimization problems. In Section 3, based on evaluating wide 

area signals gathered from WAMS data, the proposed dynamic clustering technique to reduce the system order 

is developed. In Section 4, following the Model Reference Control (MRC) technique, the inversion of two-area 

power systems into an actual full-order power system is provided which is evaluated through simulation results. 

Finally, Section 5 presents the main conclusions of the paper and its innovative contributions to the field. 

2. Mathematical formulation of DWADC scheme for n-area power system 

In this section the required formulations for a n-area power system is provided. Considering various relevant 

factors including a power system with nG generator buses, nT transmission buses (also addressed to zero 

injection buses) and nL load buses, the mathematical problems are developed. In the case of nl buses, 

considering a set of nominate loads consisting of both active and reactive powers, the load buses are determined. 

Also, in the case of transmission buses nT and following the load flow constraints, the input powers forming one 

side of the nT buses (i.e. consists of both active and reactive power) are equal to the output powers from the 

other side of the buses. Based on this, considering power system with total buses n= nG+ nL+ nT, the active Pi 

and reactive Qi powers of ith individual bus provided by load flow calculations are defined as follows:  
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where, δi and Vi are the voltage angle and magnitude of ith buses, respectively. 

In (1) and (2), αik and yik are the reactance and resistance of the line, connected through the kth and ith bus, 

respectively.  
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Considering three types of buses, the provided variables Vi , δi, Pi
N, Qi

N are defined as load variables (VL, δL, 

PL
N , QL

N), transmission variables (VT , δT, PT
N , QT

N) and generator variables (VG , δG, PG
N , QG

N) corresponding 

to the three buses nL, nT and nG, respectively. In (1) and (2), the generator’s voltage magnitudes VG at generator 

buses are adjusted through the feedback control strategy such that the frequencies fG and bus angles δG are two 

dynamic variables of nG buses. Therefore, the dynamic model of the power system consists of electromechanical 

variables that can be described through differential-algebraic equations (DAE) given as follows.  
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where, 

ω represents the generators’ speed deviation with respect to a reference machine ω0. 

M is the synchronous generator’s inertias within nG × nG dimensional diagonal matrix which is equal to Mi=2Hi 

with respect to ith synchronous machine. 

DG is the damping factor of generators within nG × nG dimensional diagonal matrix.  

PE
G represents the corresponding active power injected the system from generator buses.  

(R2-C1)It should be noted that, the proposed reduced-order procedure is concentrated through damping the 

inter-area oscillations. To do this, by using the simplified 2th order model of synchronous generators consisting 

of rotor angle and speed variables, the system coherent groups and corresponding equivalent virtual generators 

(EVGs) are provided. Automatic voltage regulator (AVR) has significant effects through adjusting the 

generators internal voltage and improving theirs transient stabilities. Through conventional models, AVR adds a 

set of eigenvalues through the system in the range of 0-0.1 Hz which provide synchronous torques to control the 

local oscillations and transient conditions. However, the aim of this paper is mainly concentrated through 

damping inter-area oscillation in the frequency range of 0.1-1 Hz which is out of range of AVR controlling 

boundaries. Therefore, by simplifying the generator order and identifying the coherent generators as one virtual 

generator, the whole of power system is modeled through a set of EVGs which are oscillating against each 



other. In this case, by using the proposed WADC scheme connected between the oscillating areas, the 

controlling parameters with positive effects through damping inter-area oscillations are provided. 

Considering the steady state condition, the generator’s electrical power output PE
G are equal to the 

mechanical input power Pm to the generators.  

In (5)-(7), adopting the Kron reduction-order technique [23], the provided DAE orders can be decreased to a 

reduced-order differential model that consists of only the main dynamic variables. In this case, the reduced-

order power system is described as a graph-based network with nG generators (nodes) connected together 

through m tie-lines, where m < n(n-1)/2.  Based on this, the power system is modeled with a graph-based theory. 

Graph=(ν,ε) consists of v nodes and ε edges connected through n×m connections. The tie-lines are connected 

together through connection links such that the arrows indicate the direction of efficient power flows. 

Considering the synchronous machine theory, Ei=|Ei|∟δi is the polar form of the internal voltage phasor from 

the ith generator. δi represents the generator’s rotor angle and |Ei| is the generator’s internal voltage magnitude. 

Also, in order to make the transmission lines connecting the ith and jth generators to be lossless, the reactance 

between two synchronous machines can be developed as follows:  
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where ,d ix  and ,d jx  indicate the transient reactance of the ith and jth generator in the direct-axis component, 

xij>0 is the constant tie-line reactance through the ith and jth generator, and ∆xij(t)  is an available tie-line 

reactance, which can be modified by TCSC. Also, ijx indicates the total reactance through the ith and jth 

generators.  

Considering the provided reactance model (8), iNi and i{1,2,…,n}, Ni presents the controlling nodes 

through the ith generator’s node connections. It is worth noting that, in the case of identifying TCSC locations, 

considering three oscillating areas as shown in Figure 1, the corresponding tie-lines are aggregated together 

through β ε links that one TCSC is connected between oscillating areas. In this case, there are m tie-line 

connection links which are connected within i and j generator machines. Based on this, a corresponding graph-

based theory is developed. By considering the ith and jth synchronous generators, there is a set of edges εij 

which connects generators’ nodes together. Based on the tie-line reactance and considering xij=xji, the 

mathematical formulation (8) can be used to find a weighted factor of the power network for adopting the 

graph-based theory.  In case of two nominated nodes not having any line connections, the corresponding 

reactance for a non-existing edge is set to an infinite value (i.e., open circuit) or yij =1/ xij = 0  j  Ni. 



Similarly, in the case of εij
 , the corresponding reactance ∆xij(t) goes to zero (∆xij(t) = 0). In this case, the tie-

line reactance xij and the corresponding edges εij, which are not equipped with DWADC controllers, are not 

performed during the damping control procedure and the corresponding available reactance ∆xij(t) is fixed when 

monitoring the damping performance of the TSCS controller.  

By ignoring the generators’ damping factors DG, the developed DAE electromechanical models (5)-(7) of 

the ith synchronous generator, considering the first-order model of TCSC controller, can be described as follows 

[8].  
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where ωi and ωN are the rotor speed and synchronous speed with respect to a base frequency of 60 Hz, 

respectively. Tij is the time-constant of the TCSC dynamic response installed through the tie-line ij, and u 

represents the controlling signals developed as input wide-area signals for the TCSC-based DWADC scheme.  

All of the developed dynamic variables are in per unit scales of which only the phase angles are defined in 

radians. Following the dynamic formulations (9)-(11), the power network configuration is evaluated. Dynamic 

variables and available reactance are evaluated considering Ni buses through i=1, 2, …, n. In this case, 

considering initial equilibrium points (δi0,0) where 0 < δ0 < 90 for all i=1, 2, …, n, the mentioned dynamic 

variables (9)-(11) are evaluated as follows:  
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where, the l index through reactance parameter Δx develops the size of tie-lines through the variable set β.  

Considering behaviors of the TCSC dynamics with respect to an inter-area oscillation frequency, the 

dynamic state variables (9)–(11) can be described in form of steady-state linearized dynamic formulations 

shown as follows: 
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In (15), M=diag(M1, M2, …, Mi), n and l are the system matrix dimensions with respect to the identity 

parameters In and Il, respectively. In this case, the system damping factor D is ordered to 1/Tij for all εij
 β. 

Also, zero values are set to present the initial conditions of the dynamic state variables. From (15), the 

parameter L represents the system Laplacian functions within n×m dimensional matrices as follows:  
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In the case of Mi=Mj , the provided Laplacian matrix Lnm is represented with transported form as L=LT.  

Considering a bulk power system, there are various synchronous generators within different inertias Hi 

resulting in unsymmetrical Laplacian function Lnm. Following the developed dynamic variables (15), the 

corresponding function M-1L is defined as an unsymmetrical matrix through swing equations. From (15), it is 

concluded that depending on the inter-area oscillation patterns, there are a set of dynamic variables (i.e. 

synchronous generators) which are coherent with each other. Depending on the generators’ correlation 

coefficients, there are different oscillating areas with the potential of unstable inter-area oscillations according to 

the severity of fault events. For the controlled separating scenario, the oscillating areas and the corresponding 

boundary nodes are specified through different cluster groups, adopting the graph-based theory. The developed 

Laplacian matrix L is reorganized as a block matrix that consists of small oblique matrixes which indicate the 

system coherent groups connected through links. Also, in the case of two areas i and j that are specified as one 

coherent group, the corresponding oblique matrixes Bij goes to the lowermost row through the rightmost 

component to be non-zero so that all other arrivals are zero.  

The corresponding non-zero arrivals present the inter-area oscillating areas, which can be used to reduce the 

order of main system through reduced-order model. The reduced-order model only develops the system 

dynamic state variables which can be evaluated through identification schemes as in the variable identification 

rules presented in [29]. Considering the TSCS-DWADC scheme to control the tie-line reactance ∆xij, the 



reduced-order model (15) develops the system-dynamics behaviors in the form of a rotor angle Δδ and a speed 

Δω deviations. Therefore, considering the linearized dynamic formulation (10), the speed deviations dynamic 

state variable Δω can be described as a function of the tie-line reactance ∆x(t) as follows:  
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where, the second part of (19), ν(Δδn, Δδk) is a function of rotor angle oscillations with ∆x(t) dependency.  

Considering the first part of (19), the DWADC input signals can be deducted from an organized list through 

parameters ζnk with respect to each variable εijβ. Depending on the provided model, the input signals for the 

∆x dynamic state variable is ordered.  

In this case, following the developed coherent groups, the corresponding TCSCs are located through tie-lines 

connecting links between two oscillating areas. A more realistic power system test case with a potential of three 

coherent areas is presented in Figure 2. From Figure 2, the power system has the potential of three oscillating 

areas (Area1, Area2 and Area3). By identifying the corresponding tie-lines, TCSC-based DWADCs are located 

through oscillating areas as shown in Figure 2.  
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Figure 2:  Power system with three oscillating areas equipped with TCSC-based DWADCs connected through inter-area tie-lines. 

(a) TSCSs located through identified tie-lines, (b) Controlling diagram, (c) Reducing the model order according to coherent generators and 

inter-area modes. 

Based on the concept of correlation coefficient for generators, the power system can be simplified through 

three oscillating areas. Each area consists of aggregated generators. It is worth noting that, through a reduction 

in the power-system order, the tie-lines and the corresponding TCSCs are fixed such that the generator dynamic 

variables and interconnection links are simplified. In this case, following the linearized state-feedback classical 

control scheme, the proposed DWADC scheme is provided. The system damping performances are evaluated 

considering TCSC-based controllers through oscillating areas. The proposed DWADC scheme that consists of 

the generalized control concept is developed as a reference model for which the input-signal gains and time 

constancies are adjusted optimally depending on the system damping responses with respect to experienced 

inter-area oscillations. 

Solving this issue, the DWADC parameters are optimized following an online optimization procedure. Based 

on Figure 2, the swing equation of the jth reduced-order EVG consists of a damping factor dj that is described as 

follows:  
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where, Pej is the electrical output power of jth generator, and ∆x(t) represents state variables of the TCSC 

controller.  

Also, from Figure 2, it can be seen that power system is equipped with a set of PMU devices at different 

locations. Considering the PMU signals and the corresponding gains defined as yj and kj respectively, the 



available measuring devices of jth EVG utilized as feedback signals can be developed in a form shown in the 

following: 

1 1 2
1 11 2 21 1 12( , ) , ( , ) ...,( , ),...,( , )j j j jm

j j j m jmny k y k y k y k  
(22) 

where yj indicates the jth available signal measured by the jth PMU device. Also, index jm presents the bus 

location m near the jth synchronous generator through reduced-order model.   

PMUs present the current and voltage phasors within high sampling ratios (i.e. 1024 sample/sec). In this 

case, the available signals extracted from PMU phasors can be provided via the current and voltage magnitudes, 

current and voltage angles, active and reactive powers, apparent impedances, and the system electrical 

frequency. Following the signal specifications (22), PMU measurements can be used as wide-area input signals 

to the TSCS-based DWADC scheme. A typical design of an output feedback structure as input wide-area 

signals using the reduced-order model can be explained as follows:  

1 1
1 2 11 21( ( ), ( ), ..., ( ), , ,..., )njj j

j m j j jmnu f y t y t y t k k k  (23) 

The second part of (23) is a function of PMU signals, which provides the power system transient responses. 

It is worth noting that for providing the same damping performances, the parameter ui is modified depending on 

the system full-order and reduced-order model. To do this, defining a nonlinear variable ρ, the feedback 

controlling gains (kj11, kj21, ... , kjmn) of DWADCs connected between oscillating areas are evaluated. 

Considering l as the number of coherent generators through the jth area, and parameters kjmin and ρl
min as two 

corresponding constraints, the state variables k and R through (j,l,m,n) dimension can be solved as an objective 

function (OF) as given below:  

 2
min ( , ( )) ( , )ij ijOF x t x t e    

 
(24) 

where, xij and ijx  represent the full-order model and the reduced-order model dynamic responses with respect 

to inter-area mode specifications (i.e. frequency or phase) between two oscillating areas i and j respectively.  

k represents a set of constraints that consist of the lower and upper boundaries for developing feedback signal 

gains.  

Considering the error e as a dynamic response difference between two specified models, the objective 

function (24) is evaluated by following an optimization procedure from which the best reduced-order model is 

provided. In the case of the oscillations of two or three inter-area modes occurring on the test system, there are a 

set of non-individual constraints bounding the optimization problem (24) with respect to candidate inter-area 



modes, for which the reduced-order model is applied. Power system consisting of two inter-area modes and 

corresponding oscillating areas are illustrated in Figure 2(c). Based on Figure 2(c), in the case of PMU signals 

are included with two or three oscillating modes, considering decomposition techniques such as Eigenvalue 

Realization Algorithm (ERA) [30], Prony analysis [4], etc., an inter-area mode with the most important 

frequencies and gains are identified and extracted from evaluated signals. Considering the most important inter-

area modes, a dynamic equivalent circuit of reduced-order model is developed. 

It is worth noting that depending on the candidate inter-area modes, there are different reduced-order models 

with different frequencies that are used for controlling the specified oscillating modes. From Figure 2(c), 

considering the test system with both inter-area and local modes, the full-order transfer function of the test 

system can be written in the form of pole residues described as follows:  
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(25) 

where Nl presents the number of local modes and Nj×Nk develops the number of inter-area modes through 

oscillating areas i and j, respectively.  

Since, inter-area mode specifications (σjk , μjk) are not equal at the different oscillating modes, their evaluated 

PMU signals are included with different participation factors of the inter-area modes. Therefore, depending on 

the candidate inter-area mode, the estimated clusters and the corresponding reduced-order models are different. 

In order to evaluate DWADC specifications (25), considering the jth inter-area mode, the corresponding 

DWADC model is provided, which is designed to control the candidate mode. Therefore, for controlling all 

possible inter-area oscillations, there are M DWADCs which are optimized individually with respect to 

oscillation frequencies and damping ratios when considering M inter-area modes. In this case, three following 

remarks should be attended. 

Remark 1: By following the dynamic state variables (9)–(11), it is possible to design different DWADCs 

through tie-lines considering the objective functions (24) and (25), from which a reduced-order model and 

corresponding DWADC specifications can be found. In this paper, depending on the number of oscillating 

areas, DWADCs are designed and developed through corresponding tie-lines. In this case, buses equipped with 

long transmission-lines can be specified as candidate DWADC buses.  

(R1-C3)Remark 2: A design procedure of the proposed DWADC scheme is provided similar to the 

conventional Power System Stabilizers (PSSs) which is optimized to damp both the local and inter-area 



oscillations. It should be noted that through developed scheme, the synchronous generators are equipped with 

local PSSs which are responsible for damping the local modes with respect each individual generator inertia 

parameters. In this case, the proposed WADC controller is concentrated to damp the unstable inter-area 

oscillations which by using the inter-area rotor angle (ΔδCOI) and speed deviation (ΔωCOI) in COI frame as input 

signals, the determined inter-area modes are controlled. 

(R2-C2)Remark 3: For real-time estimations of the generators rotor angles, there are several analytical 

methods in literature (e.g. Ref.[1], [4], [5],…) which are concentrated through estimating rotor angle deviations 

of synchronous generators. In this regard, all of the generator buses are equipped with phasor measurement units 

(PMU) which sent the measured signals through some communication links. Regarding to communication link 

type, signals are transmitted within different latencies which must be compensated to provide proper damping 

performance. In this study, developing a pade approximation method [16], delays are estimated from which 

regarding to adaptive first order compensation blocks, the existed delays are compensated. 

3. Identifying oscillating areas using dynamic cluster technique based on PMU data 

This section provides an Inter-area Model Estimation (IME) technique for identifying oscillating areas with 

coherent generators. To do this, considering wide area signals gathered from PMU data, the reduced-order 

model is provided which can be applied for multi-area power systems. A typical reduced-order power system 

consists of two oscillating areas (Area 1 and Area 2) as presented in Figure 3. From Figure 3, EVG1 and EVG2 

represent the equally reduced-order model of the two oscillating areas.  The two inter-area buses B1 and B2 of 

Area 1 and Area 2 are the two points connecting the areas via the long transmission line Xe. In this case, both 

virtual generators EVG1 and EVG2 consist of several coherent synchronous machines which can be looked at as 

one virtual generator through the reduced-order model. Voltage phasors of two equivalent generators consist of 

amplitudes and phase angles and can be described as EEVG1=|EEVG1|˪δEVG1 and EEVG2=|EEVG2|˪δEVG2, which 

oscillate through two virtual inertias HEVG1 and HEVG2, respectively. From Figure 3, the reactance jxi-j presents 

the interconnected line reactance through each Areai which in the case of generator buses, is merged with the 

generator’s transient reactance x`
d and the corresponding transformer reactance xT in a unit value. Power flow 

calculations between the two inter-area Buses B1 and B2 (considering a third middle bus as Bus 3, as shown in 

Figure 3), illustrate that by following the occurrences of small signal faults through the tie-line, it is possible to 

identify that the system has a potential of inter-area oscillation through two oscillating areas Area1 and Area2 

which can be evaluated by voltage amplitudes V1, V2, V3 and the corresponding phase angles θ1, θ2, θ3.  
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Figure 3:  Estimating two-area test system and system dynamic performance through with respect to two stable and unstable cases. 

(a)Estimating inter-area model for a two-area test system, (b) Unstable case, (c) Stable case. 

Based on Figure 3(a), following the wide area signals measured from PMU data and considering the 

developed IME technique, the two provided oscillating areas are estimated through the dynamic state variables 

as xEVG1, xEVG2, HEVG1 and HEVG2 in a form of the reduced-order model. In this case, considering the generator’s 

internal reactance jx, the voltage magnitude and the corresponding phase angle evaluated from the generator’s 

buses are provided as follows: 
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(26) 

From (26), considering r=x/[xEVG1+xEVG2+xe], the voltage phase angle is derived as:   
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Based on a small-signal stability concept, following few changes (27) against angle δ, the phase angle 

deviation Δθ can be rewritten as follows: 
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From (28), the parameters E1, E2 and δ0 can be substituted with the following descriptions 

1 1 1| |EVGE V jx I  
 

(29) 

2 2 2| |EVGE V jx I  
 (30) 
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 (31) 

where, 1( )V t , 2( )V t and ( )I t  represent the system-wide area signals evaluated from the PMU data with respect to 

each time window Δt.  

By substituting (29)-(31) into (28), the provided phase angle deviation Δθ is simplified such that the areas’ 

reactance xEVG1 and xEVG2 are the only two unknown variables in the provided model. In this case, considering 

the two following algebraic differential formulations, the phase angle Δθ is calculated.  
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where, 1( , )r t  represents the phase angle deviation evaluated from the ith PMUi device through the time 

window Δt with respect to the provided equilibrium point.  

Considering (32) and (33), the internal variables r1, r2 and r3 are provided as follows: 
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Regarding the area inertias, the following frequency extrapolations through the three corresponding buses 

and the area equivalent inertias HEVG1 and HEVG2 are calculated.  

Considering the provided dynamic formulation (9), the linearized swing equation for two oscillating areas 

with virtual generators EVG1 and EVG2 can be written as follows: 



1 2( ) cos( ) sin( )t mt mt      (37) 

where, α1=Δδ(0), α2=Δω(0) and m=E1E2cos(δ0)/xe.  

Finally, by substituting the rotor’s angle deviation (37) into the phase angle deviation (28), the 

corresponding phase angle deviation Δθ of the virtual generators through dynamic state variable is provided as 

follows. 
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(38) 

It is worth noting that the provided phase angle deviation Δθ consists of two reactance-based (r) and time-

based (t) individual parts, which can be separated as two different variables as follows:  

( , ) ( ) ( )a br t r t       (39) 

(R1-C4)From (39), α1=Δδ(0), α1=Δω(0), m=E1E2cos(δ0)/xe, r=x/[xEVG1+xEVG2+xe], and t is the time duration. 

As, it can be seen, based on the system operational and topological conditions evaluated from WAMS data, the 

variable values can be determined. In order to validate the proposed reduced-order function (39), considering a 

set of arbitrary values within limited boundaries, the proposed function effectiveness is evaluated. In this case, 

considering some typical parameters as m=1, α1=1, α2=0.1, r=[0,1] and t=[0,15], the EVG dynamic oscillations 

are evaluated. Rotor speed oscillations with respect to the two stable and unstable cases are presented in Figure 

3(b, c). As it can be seen in Figure 3(c), in the case of considering the damping factor parameter D through the 

provided dynamic state variables, the rotor angle dynamic oscillations evaluated from (37) will be damped 

through the specified time duration.  

From Figure 3(b), it is illustrated that depending on the system damping parameter, the provided EVG 

presents different dynamic behaviors consisting of different damping ratios. In this case, both the denominator 

and nominator parameters will be impacted through the dynamic oscillations and corresponding damping ratios. 

From the evaluated formulation (37) and the provided simulation results, it is concluded that the order of power 

system is properly reduced so that the reduced-order model develops proper dynamic responses with respect to 

the fault event scenario. It is worth noting that the provided model parameters are dependent on the system 

operating conditions.  With respect to system operating points, it is found that they have some dynamic 

oscillations during the time window Δt. 

4. TCSC-based DWADC controlling model 



In this section, considering a power system with the potential of two oscillating areas, the required procedure 

for developing DWADC controlling model is provided. Based on Figure 4, evaluating the measuring data 

through modal analysis technique showed that the power system has a potential of inter-area oscillation between 

two oscillating areas (Area1 and Area2). In this case, the reduced-order model equipped with one participation 

factor presents the inter-area mode specifications. Considering a specified oscillating mode, the reduced-order 

model is provided for which the corresponding DWADC controlling model is designed. Figure 4 presents a 

typical power system with two oscillating areas equipped with the TSCS-based WADC through a tie-line 

communication link. From Figure 4, buses B1 and B2 indicate the candidate EVG buses through the provided 

equivalent generators and TCSC link.  
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Figure 4:  The equivalent two-area power system with a TCSC controlling link. 

As previously presented in Sec.1, the provided MRC controlling model can be performed as an efficient 

technique for inversing the controlling model through the simplified Laplacian states. In this case, considering 

the following lemma and the generic optimization technique provided in Sec.2, the required procedure for 

optimizing and simplifying the controlling model is developed. 

Lemma1: The mathematical formulation (25) is considered as a controlling model of the generator’s transfer 

functions of EVG(s) and TCSC link through the provided virtual generators. In this case, following phase angle 

deviations through two inter-area buses B1 and B2, different controlling behaviors can be found. It is noted that, 

depending on the inter-area oscillation frequency, the corresponding DWADC controlling order n is estimated.  

Proof: Considering the rotor’s phase angle δ and the speed deviations ω as the main dynamic state variables, 

the corresponding swing equations are redefined as follows: 
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(41) 

where δij and ωij represent the rotor angle and speed deviations of jth synchronous machine with respect to ith 

oscillating area, respectively. Also, n1 and n2 represent the total number of synchronous machines operating 

through the two oscillating areas (Area1 and Area2).  

In this case, the corresponding pair (n1, n2) can be considered as the candidate inter-area buses (i.e. specified 

boundaries) connected through two oscillating areas. Considering the controlling function (28) as a function of 

tie-line reactance, the proposed TCSC-based DWADC scheme is developed based on phase angle evaluations 

from which the corresponding tie-line reactance ∆x(t) is controlled. In this case, the provided swing 

formulations (15) are rewritten as follows:  

( ) ( ) ( )M t L t g x t     
 (42) 

where, the parameters g is developed in (n×1) matrix dimension as follows::  
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In (43), β is a non-zero parameter between +β values, which is evaluated through the n1th and n2th state 

vectors as β1=β/Mn1 and β2=β/Mn2, respectively. Considering (42) and (43), the corresponding output controlling 

matrix is provided as follows: 
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where C1 is a non-zero parameter is provided through n1th and n2th state vectors.  

Considering εn1 as non-zero small value through all zero input vectors, the swing mathematical equations 

(40)-(41) are rewritten as follows: 
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Therefore, the corresponding dynamic-state swing mathematical formulations are verified as follows: 
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(47) 

where εni represents an n-dimensional non-zero matrix for all input zero parameters. Also, L represents the 

Laplacian matrix in an unsymmetrical form which is evaluated as follows:  
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(50) 

In (49) and (50), the parameters Mnj, Enj and δnj0 describe the synchronous machine inertia, internal voltage 

and phase angle, respectively with respect to pre-fault evaluations through the jth inter-area bus. Also the 

constant parameter xn1,n2 is equal to xn1,n2= xn1,n2+∆x(t0) which represents the corresponding tie-line reactance 

connected between the two oscillating areas n1 and n2.  

In (40)-(50), following some mathematical simplifications, it is easily achieved that considering CB=0 and 

CAB≠0, the order of test power system provided in Figure 4 is equal to n=2. However, in the real case, following 

the input signals ∆x(t) and the corresponding output responses y, there are three dynamic variables which 

present n=3 as full-order model. It is noted that, following (42), the parameter L represents both the local and 

inter-area specifications. In this case, by considering the two oscillating areas, the parameter L is included 

through one inter-area oscillating mode and (n1+n2-2) local modes through the reduced-order model. In order to 

provide proper damping performance of the proposed DWADC scheme, considering specified band-pass filter 

in the range of inter-area frequency (i.e. 0.1-1 Hz), the corresponding output controlling signals y=(δn1–δn2) are 

provided. In this way, considering some modal analysis evaluations through an offline working mode, the 

required adjustments are verified. In the case of the provided band-pass filter to be organized as zero-order 

filter, the corresponding transfer function G(s) of the open-loop power system consists of two oscillating areas, 



and TCSC damping controller remains as n=3. Similarity, in the case of reduced-order model, the same results 

as per Lemma 1 are obtained.  

Lemma 2: Considering Gr(s) as the area transfer functions and TCSC links as the input controlling signals, 

the phase angle difference between two oscillating areas Δδ is determined as the output controlling signals. In 

this case, the corresponding transfer function Gr(s) is organized through n=3 as the provided transfer function 

order. 

Proof: Considering ∆x(t) as a DWADC input signal, the corresponding dynamic state variables of the 

reduced-order model through EVGs is defined as follows:  
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where, the power flow formulation of the provided L matrix consists of cab parameter that is defined as follows: 
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 In (52), the signs a and b address the two oscillating areas (Area1 and Area2), respectively. It is seen that 

when considering the two input-output pairs data ∆x(t)-y(t), the corresponding reduced-order model goes to n=2 

from which it is concluded that in the case of real system, the relative order goes to nr=3. 

Following Lemma1 and Lemma2, the reduced-order model of the developed virtual system can be defined as 

a dynamic state model in the form of the following description: 

 

x A x B u

y C x

           
     

(53) 

In (53), the input variable u is developed in the form of ( ) ( )u K x t r t  where considering the closed 

loop state feedback structure from the input signal u to the output response y(t), a proper dynamic performance 

can be found. In this case, considering the developed state feedback, the construction of the dynamic state 

variables through the provided reduced-order model (31) is defined as follows: 



1 1 2 2( ) ( ( ) ( )) ( ( ) ( ))b a b at V t jx I t V t jx I t       
 

(54) 

where, Vb1 and Vb2 represent the voltages magnitudes through inter-area with respect to the specified oscillating 

areas. Also, I represents the inter-area tie-line current through oscillating areas. Finally, the state variables of a 

realistic full-order model can be defined through the following form:  
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(55) 

In (55), G(s) represents a zero filter function through the corresponding order developed from Hurwitz-based 

zero dynamics. Considering the input state variables u, the closed loop controlling signals are limited with the 

output variables ym(t) that follow ( )y t  properly through continuous time durations. Based on this, the following 

assumptions have been adopted. 

-Assumption1: Considering   1( ) ( ) / ( ) ( )[ ( ) ]( )p p p pG s k Z s P s G s C sI A Bu t   , it is assumed that, the 

polynomial function Z(s) includes the left-side eigenvalues. 

-Assumption2: There are n=4 as the pole order Pp(s) which is fixed during dynamic evaluations. 

-Assumption3: The gain factor kp is specified based on the high frequency ratio and fixed. 

-Assumption4: The order of the transfer function
1( ) [ ( ) ]( )mG s C sI A Br t is the same as Gp(s) order 

provided in Assumtion4 which is equal to n=2. 

Considering Hurwitz-based theory and with respect to the abovementioned assumptions, the wide-area input 

signals u(t) can be modelled with the model-reference controller [31] as follows:  

1 1 2 2 20 3( ) ( ) ( ) ( ) ( )T T
mu t t t y t r t          

(56) 

where, θi represents some specific values with respect to the inter-area oscillation damping ratio.  

In (56), v1 and v2 are the two corresponding filtering variables which are defined as follows: 
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where, ( )s presents the Hurwitz polynomial function with n=3 mathematical order as ( )s =k0+k1s+k2s2. Also, 

q(s) is the second-order n=2 Laplacian function q(s)=[1,s,s2] following v1, v2    3 and v20  .  

Considering the model reference control (MRC) mathematical theory, two provided filtering parameters v1 

and v2 and can be rewritten as follows: 

1 1( ) ( ) ( )v t A t B u t 


   
(59) 

2 2( ) ( ) ( )v t A t B u t 


   
(60) 

In (59) and (60), Aλ and Bλ are the Laplacian and input coefficient matrices respectively. They are defined as 

follows: 
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Finally, the following constant parameters θ1, θ2, θ20 and θ3 and based on Diophantyne mathematical 

formulation provided in [18], the input controlling function (56) is solved in the form of Laplacian functions as 

follows: 
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(63) 

where, Pm(s) is a polynomial function with respect to the dynamic state model provided in (53).  

5. Simulation Results  

In this section, the effectiveness of the proposed DWADC strategy is investigated with a practical case study 

of Iran National Power Grid. The Single line diagram (SLD) of the “North Practical Power Grid” is illustrated 

in Figure 5. 
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Figure 5: North IRAN national power grid 

From Figure 5, The Iran national power grid includes four different regions that are Gilan, Khorasan, Tehran 

and Mazandaran. The national power grid consists of several synchronous generators and tie-lines. Generally, 

the system has about 450 synchronous machines which generate 63384 MW of power with different generation 

technologies (i.e. steam, gas, combined cycle, hydro and renewable energy sources). The system generators are 

equipped with PSSs which are implemented individually for damping local modes and provide some damping 

performances with respect to the inter-area oscillations. Also, there are a set of buses equipped with PMUs to 

measure the wide areas’ signals using the WAMS technology. (R1-C5)In this case, based on the proposed 

WADC scheme, it is considered that all generators terminals are equipped with PMU devices which measure the 

voltage and current phasors through consecutive time moving windows.  

Evaluating the eigenvalues showed that the system has a potential of inter-area oscillations throughout 

different regions. In this case, following different simulation studies, the performance of the proposed DWADC 

controller with respect to the provided oscillating areas is evaluated. Based on Figure 5, considering 3-ph short 

circuit fault event at bus ShahidSalimi and tripping two tie-lines connected between buses ShahidSalimi and 

Firozkouh400, the system dynamic behaviors are investigated. In this case, considering the proposed reduced-

order model, the power grid can be developed through two oscillating areas with n1=n2=8 as the order of the 

system. The generator parameters of the reduced-order model consist of Pmi=1 p.u., Ei=1 p.u., and line reactance 

area xij=0.1 p.u. for all internal lines. Also, through the reduced order model, the tie-line reactance through the 

oscillating areas are considered 100 times higher than the interconnected lines. Conducting a modal analysis 

through the reduced-order model indicates that the system can be reduced through sixteen conjugate eigenvalues 



(EIGs) which can be identified using roots’ specifications as presented in Table 1.  

(R1-C6)Table 1: Modal analysis results with respect to reduced-order model

Mode Num. EIG Real Part Freq. Mode Num. EIG Real Part Freq. 

Mode01 0 0 Mode07 -0.0332 2.477 

Mode02 -0.7026 3.234 Mode08 -0.638 2.8885 

Mode03 -0.09649 1.781 Mode09 -0.555 3.375 

Mode04 -0.0957 1.201 Mode10 -0.511 2.236 

Mode05 -2.000 2.349 Mode11 +0.0212 0.668 

Mode06 -1.0009 0.652 Mode12 -0.711 3.564 

From Table 1, it is clear that the Mode1 is related to a DC mode (i.e. the summation of Laplacian matrix 

rows are nonzero). Also, the modal analysis evaluations indicate that there are two inter-area modes including 

Mode07 and the Mode11 which represent the corresponding two oscillating areas. In this case, Mode11 with the 

damping ratio DR=+0212 represents an unstable inter-area oscillation through the oscillating Areas (Area1 and 

Area2). From Table 1, there are ten eigenvalues Mode01-05,07-10 and 12 which develop the local modes 

corresponding to the synchronous generators’ models. In the case of the open loop model, without considering 

the corresponding damping factor D (6), the damping ratios for all identified local and inter-area modes clearly 

go to zero. In order to provide the unstable inter-area mode, following DWADC scheme, a 2nd order band pass 

filter is designed with a bandwidth frequency of fs=0.1-0.9 Hz. In this case, the bandwidth filter is provided 

through the phase angle difference ∆δ of oscillating areas EVG1 and EVG2 from which oscillations in the range 

of inter-area frequency is obtained. The phase angle and speed deviations of synchronous generators through the 

two oscillating areas (Area1 and Area2), without considering the proposed DWADC scheme and the 

corresponding bandwidth filters, are shown in Figure 6.  

 

(a) Phase angle differences through oscillating generators G1 and G3 



 

(b) Phase angle differences through oscillating generators G7 and G15 

 

(c) Inter-area speed deviation through oscillating generators G1 and G3 

 

(d) Inter-area speed deviation through oscillating generators G7 and G15 

Figure 6:  The speed and phase angle oscillations through two oscillating areas 

As it can be seen in Figure 6, without developing the DWADC scheme, generators oscillate together through 

a negative damping ratio. Also, it is shown that, without considering provided filters, the corresponding output 

signals include different variations through both local and inter-area frequencies. In this case, considering 

provided bandwidth filters, the dynamic state variations are evaluated. Figure 7 represents the output band-pass 

filter (BPF) signal through dynamic oscillations of two oscillating areas.  



 

(a) 

(b) 

Figure 7. Inter-area speed oscillations extracted from BPF and ERA techniques. 

(a) The output of BPF filter for a full-order model vs reduced-order equivalent system. 

(b) Inter-area speed deviation through two oscillating areas extracted by ERA algorithm 

From Figure 7, it is illustrated that, considering a BPF filter, the proper output signals in the range of inter-

area oscillations are provided. It is worth noting that, in real case, some modal decomposition techniques as 

Eigenvalue Realization Algorithm (ERA) or other similar strategies are applied for filtering the PMU oscillating 

signals, which depend on the estimated frequency components, and signals through inter-area frequencies. In a 

comparative case, the inter-area speed oscillations of the synchronous machines extracted by the ERA algorithm 

are shown in Figure 7(b).  

From Figure 7(b), considering the reduced-order inter-area model presented in in Sec.3, the power system can 

be presented through two equivalent virtual generators EVG1 and EVG2 presenting two oscillating areas. In this 

case, considering the TSCS between the two oscillating areas (Area1 and Area2) and following the damping 

index D as a DWADC feedback controlling block, the controller damping performance is investigated. To do 

this, the provided damping index D is increased through two different steps 20% and 50% from the initial 

condition. In order to provide the best DWADC damping performance, considering the inter-area phase angle 

deviation Δδ through the two oscillating areas and applying the MRC model (55)-(61) as a damping controller, 



the closed-loop response of the provided controlling model is evaluated. In this case, the corresponding 

controlling parameters k0 , k1 and k2 provided in (60) are adjusted optimally with which the full-order system 

responses track the input dynamic variables properly. Figure 8 represents the inter-area phase angle and speed 

deviations through two oscillating areas with respect to different controlling gains k1, k2 and k3.  
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Figure  8: DWADC damping performance considering TCSC links with respect to controlling gains. 

(a) Inter-area rotor angle deviations with respect to damping factor D=20%, (b) Inter-area speed deviations with respect to damping factor 

D=20%, (c) Inter-area rotor angle deviations with respect to damping factor D=50%, (d) Inter-area speed deviations with respect to 

damping factor D=50%, (e) Rotor angle dynamic oscillation two oscillating with respect to different values K. 

In order to evaluate the damping performance of the proposed DWADC controller, considering different 

controlling gains, the provided damping ratios are investigated. In this case, with respect to provided inter-area 

mode specifications, the feedback controlling gains are adjusted optimally. The inter-area phase angle and speed 



deviations with respect to the controlling gains  are shown in Figure 8(e). It is illustrated that increasing the 

controlling gain K improves the system damping performance with K=50 provides the best damping 

performance with the proper damping ratio.  

(R1-C7)From Figure 8(e), it is illustrated that, considering feedback controlling gains, there are different 

dynamic responses through several damping ratios. In order to evaluate the signal damping ratio and settling 

time, by using the eigenvalue analysis through nominated oscillatory mode, the corresponding parameters can 

be achieved. Through real-time evaluations, it is resulted that considering controlling gains K1=5, K2=10, 

K3=25 and K4=50 the signal damping ratios (DR) are evaluated as DR1=-0.025, DR2=+0.2, DR3=+0.3 and 

DR4=+0.4 which are corresponded with settling times (STs), ST1=∞, ST2=5s, ST3=3s and ST4=1s for damping 

the inter-area oscillations. 

In fact, the provided central controller shifts the real part of inter-area modes, which provides the proper 

damping performance through the reduced-order system. The developed DWADC controller is equipped with 

simple feedback controllers which do not have the required intermediate decomposition steps as applied through 

MRC technique. Therefore, it prevents considerable delays through the dynamic response of damping controller 

which provides the proper settling time. Also, comparing DWAC damping performance with the developed 

MRC technique, the proposed DWADC closed-loop controller provides better damping performance so that the 

dynamic oscillations are damped properly within a relatively short time duration with respect to the MRC 

technique.  

It is worth noting that, in the case of fixed controlling model, when the controlling parameters are varied 

during time windows, a self-adjusting adaptive DWADC scheme is more proper as a controlling scheme for a 

real-time working mode. However, the base controlling model and the corresponding damping factors provide 

an adequate damping performance with respect to different oscillating modes.  

6. Conclusions 

In this paper a TCSC-based wide-area damping controller has been proposed for damping inter-area 

oscillations through bulk power systems. For this issue, at each time window, the PMU signals are gathered 

simultaneously adopting an online non-model-based procedure, the oscillating areas are identified. In the case of 

identifying unstable inter-area oscillations, the proposed DWADC scheme is activated for evaluating system 

dynamic state variables, and finding proper damping ratios. By monitoring a closed-loop damping performance, 

the order of bulk power systems is reduced and the base controlling model is designed.  



The proposed DWADC scheme consists of specific filtering and controlling blocks for which, with respect to 

inter-area mode specifications, the online parameters are adjusted optimally. It is noted that the proposed 

controlling structure is a deduction of an inter-area modeling structure from which considering TCSC links 

between two oscillating areas, the inter-area controlling model is provided.  

In order to evaluate the effectiveness of the DWADC scheme, considering a practical case study from Iran 

National Power Grid, a reduction-order model has been developed with which, by decreasing the system size 

and complexity, DWADC dynamic behaviors have been investigated. A distributed concept of the damping 

controller has been developed, for which depending on the PMU measurements, the controlling model and 

corresponding proper responses are achieved.  

Simulation results show that the proposed controller provides proper damping performances thorough high 

damping ratios and therefore can be implemented in a real-life testbed that consists of different oscillating areas. 

Also, numerical results indicate that the proposed reduced-order technique is a useful tool for reducing a large-

scale power system with a simpler model which significantly helps to identify the main problem and to design 

an associated controlling model utilizing less mathematical formulations.  
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