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Abstract 

        The purpose of the proposed Adaptive Self-Tuning (ST) Controller is to supplement its existing PI-UPFC control system for 

damping the inter-area low frequency oscillations in large-scale inter-connected power system is presented in this paper because 

PI controller parameters are fixed at certain operating point, unless  retuned it suffers from insufficient dynamic performance for 

wide ranges of operating conditions. In order to overcome this problem, the author propose an adaptive supplementary controller  

with PI controller that tracks the system changes online through its Constrained Recursive Least Square (CRLS) identifier and 

also eliminates the effort of manual parameter re-tuning through its PS control algorithm. Further to improve the damping 

capability of the system, this paper propose a new method which uses an adaptive ST controller based UPFC using  Fuzzy logic 

controller for damping inter-area oscillations. Simulation results shows that the UPFC based Fuzzy controller is superior to the 

UPFC based PI controller and work effectively under different fault condition.  
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Introduction                                                                           

In order to meet the increasing electric market 

demands, the installation of new electric power 

transmission lines are restricted due to environmental 

reasons. Hence, the utilities are forced to rely on already 

existing Infra-structure instead of building new 

transmission lines. With the interconnection of regional 

grids of the increasing of line power, the inter-area low 

frequency oscillations are often observed when power 

systems interconnected through weak tie lines are subjected 

to disturbances such as faults, line outages and sudden load 

changes. However, power system stabilizers (PSS) are 

localized stabilizers and hence best suited for damping 

local oscillatory modes (1 to 2 Hz) in the power system. 

The low frequency (0.1 to 1 Hz) inter-area oscillations 

between different control areas is becoming more serious 

problem which limits the enhancement of the transmission 

capability of power grids or even breaks up of whole power 

system (Kundur et al., 1994). With such increasing stress 

on the existing transmission lines, the advent of different 

Flexible AC Transmission Systems (FACTS) technologies 

offer competitive solutions to today’s interconnected power 

systems interms of increased power flow transfer 

capability,  enhancing  continuous  control  over  voltage  
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 profile, improving system damping, minimising losses etc., 

The Unified Power Flow Controller (UPFC), is one of the 

most versatile contoller device used in FACTS family 

proposed by Gyugyi in 1991 (Hingorani et al., 2000), thus 

providing the voltage support, control of power flow and 

system stability. Moreover, UPFC further used to damp 

power oscillaions and improves the dynamic performance 

of the power system in coordination with damping 

controller.   

A current injected UPFC model for improving power 

system dynamic performance is equipped with PI (or lead-

lag) controller as feedback controllers for a specific 

operating point. PI controllers are fixed-parameter based 

controllers. The main drawback, the conventional PI 

controller are fixed-parameter based controller. It is well 

known that a power system operating conditions 

continually changes over time with changes in system 

configuration, load condition or faults. Every time tuning 

the PI controller is unadvisable and unless it is retuned it 

degrades the system performance for different operating 

conditions. In (Loukianov et al., 2011), the author proposed 

a sliding-mode control system as a robust controller. The 

controller’s performance is based on the transfer function, 

but it is difficult in case of FACTS device is modeled with 

power system interconnection. In contrast, artificial neural 

networks (ANNs) and fuzzy logic have been proposed to 

adapt the controller gains. In the previous literatures (Wei-

Domahidi et al., 2013) an adaptive controller is 

successfully implemented on APSSs, synchronous 

reluctance motor drives and on certain FACTS devices for 

good tracking the system parameter changes during steady-

state conditions and small disturbance conditions. The 

control scheme is based on RLS identifier, which is disable 

to give exact estimation results due to large disturbances. 

Further, in Domahidi et al. (2009), a random walk method 

also adopted for the RLS identifier for better parameter 

tracking, in order to generate control signal, the author uses 

a large 10th and 12th ARMA model to capture the system 

dynamics. By using higher ARMA model gives more 

calculations for the identifier and controller. The proposed 

adaptive ST controller is a combination of CRLS identifier 

and PS algorithm. The identifier works on the estimated 

auto-regressive moving average (ARMA) model of a power 

system. So, the author uses a simple third-order ARMA 

model is described in this paper. The reduced third-order 

model has three poles: a pair of complex poles and a real 

pole. The complex poles represent the oscillatory behavior 

of the power oscillations and could be used to damp the 

overshoot using the PS controller; whereas, the real root 

represents the decaying part of the oscillatory response and 

could be controlled with the PS controller to achieve the 

desired steady-state response. This method implies less 

calculations steps. The main contributions of this work are 

discussed here:  

          1) A novel current injection model of the UPFC with 

an adaptive ST controller is proposed for the first time and 

for studying on low frequency oscillations damping during 

large disturbances such as 3 phase fault or line outages. The 

control scheme well suited to assists the functionality of the 

existing PI controllers.  

     2) The adaptive controller based on use of a constrained- 

RLS identifier is to smoothly track system parameters and 
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PS technique eliminates offline re-tuning. 

     3) This proposed controller is added to UPFC based 

Fuzzy controller to enhance dynamic performance of the 

power system during various loading conditions and major 

disturbances. 

UPFC Operation 

A UPFC consists of two identical converters, the 

shunt VSC and the series VSC connected in shunt and 

series with the ac transmission network, respectively. Each 

converter is connected to the ac system through 

corresponding coupling transformers, and these two voltage 

source converter area so called, back-to-back AC to DC 

VSC operated from a common dc link supported by a dc 

capacitor, C. In general, the operation of a UPFC is 

governed by its four control inputs: , , ,  

that are governed by firing commands given to its thyristors 

switches where m and δ denote converter modulation index 

and phase angle, respectively. The primary function of the 

UPFC is provided by the series VSC that generates a 

voltage at 

fundamental frequency (ω) with variable amplitude (0 

≤  ≤ max) and phase angle (0 ≤  ≤ 2π) 

that is added to the ac System by the series coupling 

transformer, . On the other hand, the shunt VSC serves 

two purposes. It primarily provides the real power 

demanded by the series VSC from the ac system via the 

common dc link. This is made possible by keeping the dc 

link capacitor, C charged at all times, replicating an energy 

source for real power exchange. It also acts as an 

independent reactive power compensator there by 

maintaining the system bus voltage at a specified value. 

With its four control inputs, the UPFC can be commanded 

to force an appropriately varying line power to effectively 

damp power oscillations. 

Damping control scheme 

        The UPFC control system is based on the design of a 

shunt VSC and the series VSC where each VSC is 

controlled by two control inputs-modulation index, m and 

phase angle, δ. The main objective of damping inter-tie 

power sysytem oscillations, the series VSC is operated in 

Automatic Power Flow Control mode as shown in figure 

1(a). In this mode, series injected voltage by the series-

VSC is considered for damping conttrol. The d-q control 

method is adopted wherein the desired 

 are compared with the 

measured line flows,  and the 

corresponding deviations in real and reactive power (ΔP 

and ΔQ) are used to drive the d-q components 

( ) of series injected voltage, . These 

values , , ,and   are correspond to steady 

state converter settings that can be easily obtained 

depending upon the desired inter-tie real and reactive 

power flows. For the purpose of tightly regulating the 

connected bus voltage (< 5%), the shunt VSC is operated 

in Automatic Voltage Control mode as shown in figure 

1(b). The bus voltage regulation is accomplished by 

varying the shunt modulation index,  while the dc link 

voltage regulation is achieved by varying the phase angle 

order, . 
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The overall UPFC-PI control system for a damping 

application with ST controller is shown in figure 2. The 

only PI control scheme that is inefficient in tracking the 

system changes and become increasingly less effective in 

damping power oscillations with a set of non-optimal PI 

parameters. Hence, the proposed ST controller add-on to 

system changes and offers an excellent tracking capability 

even for large disturbances. Furthermore, to enhance the 

damping capability during severe faults or line outages an 

adaptive controller is supplemented to series-VSC to 

modulate  as shown in figure 1(a). 

Fig. 1.UPFC control system for a damping application (a) 

Series VSC control system; (b) Shunt VSC control system 

 

The real power deviations, ΔP as control input to the 

adaptive damping controller. The overall damping provided 

by the series-VSC depends on the total modulation ratio 

 and phase angle 

order, . 

Adaptive self-tuning (st) controller        

    Adaptive ST controller consists of CRLS identifier 

and PS technique, creates   the frequent tuning and smooth 

outs the system parameter variations in damping power 

oscillations under different operating conditions.The 

adaptive ST controller, generates the extra damping control 

signal offered by the overall UPFC control system and 

significantly to improve the dynamic performance of the 

system. Figure 2 represents the schematic overview of the 

ST controller. Note that here the measured output y(t) from 

the power system is the oscillations in real power ΔP while 

the controller output(t) is the damping input Δmse supplied 

to the series VSC of the UPFC. 

Adaptive CRLS Identifier 

        In the recent decades, a lot of techniques have been 

introduced to estimate the parameters online. Among them 

a classical RLS identifier has adopted successfully due to 

its simple calculation. The algorithm assumes the process 

(here, power system including the UPFC) to be described 

by a discrete ARMA model of the form 

 

Fig. 2. Adaptive Self-tuning (ST) control 

 

Where, A(z−1) and B(z−1) are polynomials in backward 

shift operator z−1 and are defined as, 

  

 

 and   are the orders of the polynomials A(z−1) and 

B(z−1) and variables y(t), u(t) and e(t) are the system 
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output, system input and white noise, respectively. 

Equation (1) can be rewritten in a form suitable for 

identification as, 

                                 (2) 

                                   (3) 

where  is the prediction of y(t) based on 

estimated system parameter vector,  and 

measurement variable vector ,ϕ(t) defined as, 

      (4) 

          (5)               

 

Where,  denotes the data vector storing the last 

samples of the system output and the last  samples 

of the system input. The prediction error ε(t) is given by, 

                 (6) 

The RLS criterion determines the most likely value of 

 that minimizes the sum of the squares of the 

prediction error 

               J(N)=                        (7) 

The system parameter vector  can be calculated by 

the following set of recursive equations: 

(8a) 

where the weighing factor for the last identified parameters 

is equal to one and that for the prediction error is given by 

the modification coefficients (or gain matrix) K(t) 

                            (8b) 

P(t)=               (8c) 

Where, ρ(t) is the time varying forgetting factor, P(t) is the 

covariance (of error in estimate) matrix, and K(t) is the gain 

vector. The forgetting factor ρ(t) is calculated as, 

            (8d) 

In every iteration, the RLS algorithm uses a set of old 

and new system measurements to predict the system output 

 and calculate the prediction error ε(t). Based on ε(t) 

and the past history of measurements stored in error 

covariance matrix (t−1), it then calculates a set of 

modification coefficients K(t). Using K(t) it arrives at a new 

set of identified system parameters  as in (8a). At the 

end of the current iteration the information of the new 

measurements are stored for their use in the next sample. 

When power system followed by large disturbances, the 

RLS identifier experiences undesired rapid parameter 

fluctuations. The classical RLS algorithm has a drawback, 

it only response to small disturbance with constant slow 

varying parameters. To overcome this drawback, a 

constrained-RLS (CRLS) identification technique is used 

that modifies (8a) with the inclusion of a constraint term 

β(t)   (9) 

                               (10) 

where, β(t) is calculated at each sampling instant as 

follows: 

where,  

 

2 is the norm of the corresponding vector and  is 

a positive constant which determines the rate of parameter 

update. At the time of fault inception (and the duration 
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shortly after) on a power system, the ratio 

/ progresses quickly to be greater than  During 

this time period β(t) takes the value / reducing the 

estimation rate and therefore contributing to a smooth 

controller action. After fault removal when the power 

system is moving to a stable operating point, the ratio 

/  gradually progresses to be less than β0 making β(t) 

= 1. At this time, the constrained-RLS algorithm 

automatically switches back to the standard-RLS algorithm. 

It is worth noting that a larger  (i.e.  > 0.75) slows 

down the estimation rate which is undesirable; while 

choosing a smaller  (i.e.  < 0.5) can cause the 

identifier to respond to even minor disturbances. Therefore, 

β(t) is chosen as 0.5 to achieve optimal tracking capability. 

It should be noted that for all the studies using the ST 

controller, a third-order ARMA system model is used in the 

identification process. A second-order model is not useful 

because it can only represent either the oscillatory (pair of 

complex conjugate poles) or non-oscillatory part (with real 

poles). With a 4th order model, system could be identified 

as two pairs of complex conjugate poles, or one pair of 

complex poles and two real poles, or four real poles. Two 

pairs of complex poles can only represent the oscillatory 

response whereas, 2 or 4 real poles are not needed to 

represent the non-oscillatory part of a single mode inter-

area oscillation.A 5th, 7th, 9th or higher models are also 

used but it gives no damping improvement compared to a 

3rd order model. The 3rd model was chosen to keep number 

of computations less for hardware implementation. 

 

Pole Shift Control algorithm  

Once the system parameters are identified by the 

CRLS identifier, the control signal is calculated based on 

the discrete system model of (1) by assuming the transfer 

function of the feedback loop is of the form 

                                       (11)                              

Where 

      

 

      − 1, =  − 1. The concept of the PS 

control is discussed. It is based on the minimum variance 

(MV) control and the pole assignment (PA) control. 

However, unlike the PA method where the closed-loop 

poles areas signed to specific locations, in the PS method 

the closed-loop poles are shifted radially toward the center 

of the unit circle inz-domain by a factor, α<1 

        (12) 

The characteristic equation of (12) of the closed-loop 

system takes the form of characteristic equation A(z−1) of 

the open loop system with the pole shifted by a scalar 

factor α. Thus (10) takes the form 

=      (13) 

Rearranging (13) in matrix form in terms of control 

parameters{f} and {g} gives 
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or             M .                                  (14) 

where the elements of matrix M are the parameters {a}, 

{b}that are identified by the identifier every sampling 

period. If the value of pole shift factor, α, is known, (14) 

can be solved for the control parameters {f} and {g} 

following which control output, u(t) can be obtained using 

(11). It can be observed that the control signal is a function 

of α at any time t denoted as  The control signal, u(t, 

) can be expressed in a Taylor series of factor αt at a 

particular point  as, 

u(t,           (15) 

From (11) and (14), the control signal can be expressed as, 

    (16) 

where X(t) = [−u(t − 1) − u(t −  ) − y(t) − y(t − 1)..−y(t 

− )]T is the measurement variable vecor. The ith order 

differential of u(t, ) with respect to αt becomes 

         (17) 

where i represents the order of the differentiation. Now (15) 

can be expressed as, 

               (18)          

where  = (1/i!) . Once the input 

is computed at time t, the system predicted 

output  at time t + 1 can be calculated as 

follows:     (19) 

where μ = [−  −  ··· −    ···  ] is the 

identified parameter vector.  

        The essence of PS algorithm is based on α. The PS 

factor α is calculated iteratively so as to minimize the one 

time-step ahead prediction error in system output y(t) given 

a )=E[ (20) 

Where, J(t + 1, ) defines the performance index, E is the 

expectation operator, is next time-step 

predicted output and ) is the next time-step 

reference output. The minimization function in (20) is a 

constrained optimization routine subjected to a stability and 

control constraint. The stability constraint restricts αt to be 

within ((−1/λ), (1/λ)) to ensure closed-loop stability at all 

times, where λ represents the absolute value of the largest 

root of . Further, the control constraint emphasizes 

control signal u(t, to satisfy  ≤ u(t, ) ≤ 

, where  and  are the minimum and 

maximum control signal boundaries, respectively. In a 

UPFC application where the PS control signal modulates 

 bya supplementary control loop, is ≤ 1.0 to 

prevent over modulation of the series-VSC. The 

performance of the ST control scheme with the proposed 

CRLS identifier is first investigated on a single input single 

output (SISO) discrete system. Further to demonstrate that 

the controlled plant able to track the reference signal 

effectively by ST controller on discrete test system is 

discussed in (Malhotra et al., 2014). Furthermore, to 

improve the dynamic performance of the system, the PI 

controller is replaced by Fuzzy logic controller is discussed 

in next section. 
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Fuzzy logic controller 

The fuzzy logic controller have got more advantages 

over the conventional PI controller, such as the simplicity 

to control, high reliability, very robutness, possibility to 

design without knowing mathematical model of the process 

and low cost. Fuzzy logic control uses the fuzzy set in 

which linguistic variables are used, the theory proposed by 

Lotfi Zadeh in 1965. Fuzzy set is an extension of crisp set 

where it allows a partial membership, which means that an 

element may partially belong to more than one set. A fuzzy 

logic controller based on a set of control rules called as 

fuzzy rules. Fuzzy logic coordination controller includes 3 

steps (i.e.) Fuzzification, Decision making logic (Inference 

system) and the De-fuzzification, which are explained in 

(Eldamaty et al., 2005). The fuzzification unit converts the 

crisp data into linguistic variables. The membership 

functions are uniformly distributed in the range [-1, 1]. The 

necessary inputs to the decision making unit decides in 

linguistic variables with the help of linguistic rules supplied 

by rule base unit and the revelant data supplied by data 

base unit. It uses the conditional rules IF-THEN-ELSE for 

making necessary decision. The output of the inference unit 

is given as input to de-fuzzification block converts the 

linguistic variables into crisp data. The Rules which are 

used in Fuzzy inference system are as shown below. In this 

case the inference engine used is mamdani. To determine 

degree of memberships for the output variables, the concept 

of min-max inference is used. Then De-fuzzification is 

done in order to convert the fuzzy values into the real scalar 

values using centroid method in (Fujita et al., 1999). 

 

Table 1. Fuzzy rule 

 

Results 

The Kundur’s two-area four-machine power system 

shown in figure 3 is considered in this study. To improve 

the inter-area mode damping, a UPFC is installed on one of 

the tie-line connecting buses 7 and 8 with the proposed 

supplementary ST controller (Fig. 3) to damp power 

oscillations with real power deviation from bus 7 as the 

feedback signal. The system loading is such that net power 

is exported from Area 1 to Area 2. Three oscillatory modes 

are presented in this system: two intra-area modes (1.04 

and 1.13 Hz), one in each area and one inter-area mode 

(0.52 Hz) where damping of the inter-area mode is of prime 

concern.  

Fig. 3. Kundur’s two-area power system with UPFC at the 

sending-end of area 1 
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Real-Time domain analysis 

The performance of the UPFC injection model with 

adaptive ST controller is tested on the two area four 

generator power system (Wang et al., 1999), shown in 

figure 3. The system is simulated in Matlab\Simulink 

environment. The synchronous generators of figure 3 are 

represented in the d − q − 0 reference frame by detailed 7th 

order differential equations, transmission lines are modeled 

as lumped impedances and system loads as constant 

impedance. A sampling time of 20 ms (50 Hz) chosen for 

the adaptive controller was found to be adequate for 

damping low-frequency (0.1-0.8 Hz) oscillations. To assess 

the robustness of the damping controller with designed 

Fuzzy control, simulation studies are carried out for 

different fault conditions. 

Scenario 1: To investigate the effectiveness of the Self-

Tuning controller with Fuzzy logic controller under fault 

condition, we are considering 3-phase-ground fault (Type 

A disturbance) and is considered at bus 8 on the 

transmission line. The varying pole-shift factor α and 

control signal u(t) under the control limits of ±0.5 of ST are 

plotted in figure 4. 

The system response for Type A disturbances shows the 

comparision between the PI with ST controller and Fuzzy 

with ST controller is shown in figure 5. From above results 

it is clearly evident that the UPFC using Fuzzy logic 

control damps the oscillations very quickly by the 

supplementary ST controller proving its superiority over 

the conventional PI UPFC control system. In addition to 

this, UPFC is successful to exchange the real power 

between the VSC by keeping the DC link voltage value of 

42.4 kv. To enhance the dynamic improvement of the 

power system when followed by different types of fault 

conditions is further investigated using prony analysis tool. 

This tool is used to find the frequency and damping ratio of 

the system inter-area mode. The oscillatory frequency 

mode lies between 0.52 and 0.58 Hz and its corresponding 

damping ratio to be ≤ 5%. Therefore, the overall damping 

improvement seen with PI+ST controller is between 17 and 

22% whereas, with Fuzzy+ST controller is between 24 and 

45%. Overall, the proposed scheme with UPFC based 

Fuzzy controller provided significantly improved damping 

performance. 

 Fig. 4. ST controller output for a Type A disturbance 

 Actual output 

Fig. 5. Real power response by using PI and Fuzzy control 

for Type A disturbance 
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Conclusion 

In this study, a design scheme of robust UPFC based 

Fuzzy control system with ST controller for two area  four 

machine of kundur is simulated in MATLAB \SIMULINK. 

Simulation results shows that the proposed method can not 

only damp the inter-area oscillations effectively over a 

wide range of operating condition and at different 

disturbances,but also has better robustness performance 

compared to conventional UPFC-PI controller.The 

proposed ST control methodology is also being applied for 

tuning of several FACTS (UPFC, TCSC, SSSC) controllers 

in large power system configurations (Dipendra Rai et al., 

2014) for achieving optimum power oscillation damping 

without affecting individual device performance.  
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