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1. INTRODUCTION 

Employment of the FACTS devices in the modern 

power system, brings about low investment costs in 

comparison with building new power stations and 

expanding the transmission system [1]. It also 

ameliorates the system security, enhances the power 

transmission capabilities, and improves the reliability 

of the power grid [2]. Among FACTS devices, the 

unified power flow controller (UPFC) is the most 

capable element, which provides discriminate and 

appropriate regulation of impedance, phase angle, 

and power flow of a transmission line [3]. Different 

applications of UPFC are categorized as: control of 

power flow [2], voltage regulation [4], improving 

power system transients [5-7], and damping the low-

frequency oscillation [8, 9]. Recent applications 

investigate the implementation of UPFC in wind farm 

integration [10-13], loss minimization [14], and 

improving the total transfer capability [15].  

The conventional UPFC topology is combination 

of a shunt STATCOM and a series SSSC [2-7]. 

In view of power quality issues, the total harmonic 

distortion (THD) injected by the series converter is 

significant, in a wide range of operating points [16, 

17]. In order to reduce the THD, some alternatives are 

investigated to resolve this deficiency such as: zigzag 

transformers and multilevel converters [18, 19]. 

Advantages of these solutions are discussed in the 

aforementioned references. A transformer-less 

configuration of UPFC is designed using cascaded 

multilevel converters [20-22], to eliminate zigzag 

transformers. It is shown that this configuration 

requires lower rating of the semiconductor devices, in 

connecting two synchronous ac systems with large 

phase difference [23], compared to the HVDC system 

using modular multilevel VSCs. 

Moreover, a novel configuration of UPFC, named 

as hybrid power flow controller (HPFC) is presented 

recently in [16, 17] which uses two 3-phase shunt 

voltage source converters (VSCs) and a series 

capacitors.  

The main advantage of the new configurations [16, 

17] is its significant low THD of the voltage injected 

by the series capacitor, without using multilevel 
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VSCs. Besides, using two shunt VSCs simplifies the 

measuring and protection strategies [17] rather than 

UPFC. Moreover, the required rating of the second 

VSC is lower with HPFC in comparison with UPFC, 

for high active and reactive power flow. Nonetheless, 

the required rating for the second VSC of HPFC is 

higher when the power flow is near zero, which is not 

common in practice [17]. 

The VSCs of the HPFC [16, 17] are connected 

back-to-back with a common dc link. The HPFC is 

connected to the bus named as the sending end of the 

transmission line, as illustrated by 𝑣𝑠 in Fig. 1. 

 

 
Fig. 1.  (a) Schematic diagram of the HPFC in a power system 

with two parallel transmission lines, (b) Single phase 

representation of a power system with HPFC and equivalent 

model of the power grid 

The existing UPFC power control schemes require 

fundamental modifications to be applicable to HPFC, 

due to structural differences. Despite UPFC, the 

investigations on the controller design for the HPFC 

are very limited. 

Various techniques has been studied to design a 

power control scheme to the conventional UPFC, 

such as: control Lyapunov function (CLF) design [6, 

24, 25], artificial neural network (ANN) [11], fuzzy 

ANN [12], fuzzy control [26], sliding mode control 

(SMC) [27], fuzzy SMC [12], feedback linearization 

[28, 29], adaptive backstepping design [30], 

backstepping with ANN-based approximation [31], 

optimal control [32, 33], structured singular value 

design [34], and robust H2 control [35, 36]. 

Robustness of the linear controllers [32-34] is 

restricted to a limited neighborhood of the operating 

point, around which the system is linearized. 

However, disturbance rejection and robustness 

against parameter uncertainty are indispensable in 

practice [35-37]. In addition, fuzzy controllers require 

expert human knowledge, and ANN-based 

controllers need re-training and re-evaluating for 

robustness against parameter variations. The 

mentioned deficiencies deteriorate the control 

performance in the presence of large disturbances. 

Furthermore, nonlinear controllers in [12, 26-31] 

as well as the linear controllers [32-35] lead to 

asymptotic convergence of state trajectories which 

have at least exponential or higher convergence rate. 

This means that the system’s errors settle down with 

a large convergence time which is theoretically an 

infinite horizon. Nonetheless, finite-time controllers 

(FT-C) provide convergence of state trajectories in a 

pre-known finite time, and result in superior 

robustness against disturbances [38], compared to 

linear and nonlinear controllers which have 

exponential or asymptotic convergence. 

Besides, robust nonlinear decentralized control of 

the HPFC has not been studied yet in the literature.  

In addition, as it is shown in the following sections, 

the power flow control requires online and persistent 

measurement of the voltage at the ends of the 

transmission line, which requires a high-bandwidth 

communication infrastructure. This dependency 

weakens the system against large delays and 

communication loss. Using an adaptive observer, the 

control scheme is designed based on the local data, 

which eliminates the necessity for online and 

persistent communication of the remote 

measurements. The proposed decentralized observer-

based control scheme, enhances the robustness of the 

system against communication delays and data losses.  

In this paper, tow CLF-based controllers are 

proposed and applied to a power system with an 

HPFC. The proposed FT-C stabilizes the system in a 

specific known short time, rejects the disturbances, 

and makes the system robust against parameter 

uncertainties. Furthermore, the proposed controller is 

decentralized using an adaptive observer to estimate 

the remote data of the receiving end, which further 

eliminates the necessity for online persistent 

communication of the receiving end voltage. 

Decentralization of the controller, also enables using 

a communication infrastructure with a lower 

bandwidth, compared to the centralized control 
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scheme, in addition to the resiliency against 

communication delays, and data losses. 

Remainder of the paper is organized as: steady 

state model of the HPFC is described in Section II. 

The CLF-based controllers are designed and stability 

of them are mathematically proved in section III. The 

adaptive observer is also introduced in section III. 

The simulation results are presented in Section IV. 

Finally, Section V concludes the paper. 

2. MATHEMATICAL MODEL OF HPFC 

As a new configuration, HPFC is built on two shunt 

VSCs and a capacitor connected in series. Fig. 1 

depicts the schematic and the single-phase circuit 

diagram of an HPFC installed at the sending end of 

the transmission line. The sending and the receiving 

ends (i.e.
sv and

rv ) are two busses of a multi-machine 

power system. The dynamics of the current of the 

transmission line in ‘dq0’ reference frame is 

calculated using the Park’s transformation as: 

2

2

1rd L rd L q rd d

rq L rq L d rq qL

i R i L i v vd

i R i L i v vdt L





      
   

      
  (1) 

where 
LR , 

LL , 
ri  and 

rv  are resistance, inductance, 

current and receiving end voltage of the transmission 

line; 
2v  is the voltage at the terminals of the second 

VSC’s coupling transformer; 
02 f  , 

0f  is the 

nominal system frequency; and the subscripts ‘d’ and 

‘q’ represent the direct and quadrature axis 

components. 

The current through the series capacitor is: 

 2C s

d
i C v v

dt
                                                   (2) 

where C  is the series capacitor. 

2.1. Nominal state space model of the VSCs 

The d-q representation of the current through the 

VSC2 of the HPFC is: 

2 2 2 2 2 2 2

2 2 2 2 2 2 22

1sh d sh sh d sh sh q d sh d

sh q sh sh q sh sh d q sh qsh

i R i L i v vd

i R i L i v vdt L





      
   

      
 

  (3) 

where 
2shv ,

2shi , 
2shR , and 2shL  are the injected 

voltage, current, resistance and inductance of the 

second shunt converter, respectively. 

Obviously, the equations for the first shunt converter 

are the same as Eq. (3) with subscripts ‘1’ which is 

excluded for brevity. 

With respect to Eqs. (1)-(3), we present the state 

space model of two shunt VSCs as Eq. (4). This is the 

nominal model where the external disturbances and 

the perturbations are not considered. 

( )x t Ax Bu v                                                 (5) 

where 
1 1 2 2[ , , , ]T

sh d sh q sh d sh qx i i i i is the state vector; 

1 1 2 2[ , , , ]T

sh d sh q sh d sh qu v v v v  is the control vector; 

1 1 2 2{1 ,1 ,1 ,1 }sh sh sh shB diag L L L L  is the input 

matrix; 
2 2[ , , , ]T

sd sq d qv B v v v v  is the grid voltage 

vector, and A  is the state matrix as: 

1 1

1 1

2 2

2 2

0 0

0 0

0 0

0 0

sh sh

sh sh

sh sh

sh sh

R L

L R

R L

L R

A B













 
 
  
 
 
 

 

The references for the transmitted power and the 

bus voltage are periodically updated by the upper 

control hierarchy. The current references of the 

transmission line are calculated considering the 

desired values of the transmitted active and reactive 

powers *

rP  and *

rQ  as: 

* * * *

* *

2 2 2 2

2 2
,

3 3

r rd r rq r rq r rd

rd rq

rd rq rd rq

P v Q v P v Q v
i i

v v v v

 
 

 
         (6)

where superscript * denotes the reference value. 

Then, the reference currents of the second shunt 

converter are: 

* * * *

2 2,sh d rd Cd sh q rq Cqi i i i i i                          (7) 

2.2. State space model of the VSCs considering 

external disturbances and perturbations 

By defining the state tracking error as *

i i ie x x  , 

dynamics of the perturbed system including 

disturbances and uncertainties is calculated as: 
* * ( , )e x x x Ax v Bu g t x          (8) 

where 1 2 3 4( , ) [ , , , ]Tg t x g g g g  is a continuous norm-

bounded function vector (i.e., || ( , ) || mg t x g , 

mg  ) that aggregates the external disturbances, 

parameter uncertainties and variations, and the 

modeling errors [38] (See Appendix A.). 

The dynamics of the dc link between two back-to-

back VSCs is calculated by neglecting the power 

losses of VSCs as: 
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1 2dc sh sh

dc dc dc dc dc

P P P

v i v C v

 

  
  (9) 

where the subscripts dc , 1sh , and 2sh  are for the dc 

link, the first and the second VSCs, respectively; 
dcC

is the dc link capacitor; 
dcv and 

dci  are the dc link 

voltage and current as in Fig. 1 (a). 

The current control loops of the VSCs of the 

HPFC, may employ the same controller developed for 

the converters of the conventional VSC-UPFC. 

However, the model order of the HPFC system is 

higher than the order of the conventional UPFC 

structure, due to the presence of the series capacitor 

in HPFC. Therefore, the power control loop of the 

HPFC has a different scheme compared to the UPFC. 

Although, advanced controllers can be used for the 

power control loop, a simple current-controlled 

scheme with feed-forward power control is proposed 

in this paper. 

3. DESIGNING A FINITE TIME 

CONTROL LYAPUNOV FUNCTION 

In this section, we design a robust finite-time control 

strategy using the CLF. First, the necessary 

definitions and Lemmas are provided. Then, the 

stability of the proposed controller is proved based on 

the Lyapunov theorem. 

Definition 1. [39] Assume : nf D   be a 

continuous function on x D  containing the origin, 

and suppose a nonlinear system as (10). The origin is 

a locally finite-time stable equilibrium, if the origin is 

Lyapunov stable and the solutions converge in a finite 

time. 

( ), (0) 0, nx f x f x         (10) 

Lemma 1. [38] Assume there exist a Lyapunov 

function ( ) :V x D   for system Eq. (10) such that; 

    0,V x V x x D      (11) 

where  0,0 1p     , then the origin of 

Eq. (10) is a locally finite time stable equilibrium, and 

if nD   and V  is radially unbounded, then the 

origin is a globally finite time stable equilibrium and 

the settling time of the states satisfies: 

      1

0 0 / 1T x V x       (12) 

Lemma 2.  For , ,a b r we have: 

  , 0 1
r r r

a b a b r                          (13) 

 

3.1. Finite-time CLF design for HPFC 

For brevity, only the design approach for the 

controller of the second converter is fully described 

in the following. Obviously, the controller of the first 

converter is designed in the same way. 

Statement 1. The system Eq. (8) with the control 

law Eq. (14) is finite-time stable, is robust against 

uncertainty and rejects bounded disturbances. 
* *

2 2 3 2 2 2 2 3 3 3 3

* *

2 2 4 2 2 2 2 4 4 4 4

sh d sh sh sh d sh shq d m

sh q sh sh sh q sh shd q m

u R e R i L i v g s e

u R e R i L i v g s e

  

  

      

      
 

 (14) 

where  i is sign e  and , , 0i i mg     are some 

real positive constants. 

Proof. The proof is based on the Lyapunov 

stability theorem and Lemma 1. Assume a positive 

definite Lyapunov function: 

1 1 1 2 2 3 2 4sh sh sh shV L e L e L e L e       (15) 

Considering (| |) i i

d
e e s

dt
 , 0e  , we have: 

1 1 1 1 2 2 2 3 3 2 4 4sh sh sh shV L e s L e s L e s L e s       (16) 

Substituting Eq. (8) into Eq. (16) yields: 

 

 

1 1 1 1 2 2

*

2 2 3 2 2 2 2 2 3 3

*

2 2 4 2 2 2 2 2 4 4

sh sh

sh d sh sh sh d sh shq d sh

sh q sh sh sh q sh shd q sh

V L e s L e s

v R e R i L i v L g s

v R e R i L i v L g s





 

     

     

 

 (17) 

Substituting the proposed controllers Eq. (18) into 

2sh dv  and 2sh qv  in Eq. (17), yields:  

 
4

1 i i i m i i i ii
V b g g s e s 


      (19) 

where , , 0i i mg     are real positive constants. 

Considering that the uncertainty function is norm-

bounded (i.e. ( , ) , 1,...,4i mg t x g i  ) and regarding

2 ( ) 1sign e   we conclude (20) for 
i ib  . 

4

1
0i ii

V e


                                                (20) 

The inequality (21) express the asymptotic stability 

of the system, with respect to Lyapunov theorem. In 

addition to (22), we have to establish the inequality 

(11) to get finite-time convergence. Therefore, the 

FT-C law is proposed as: 

* *

2 2 3 3

* *

2 2 4 4

( )

( )

sh d sh d

sh q sh d

v u sig e

v u sig e









 

 
                 (23) 

where 0 , 1...4i i     are positive real constants; 
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2sh dv  and 2sh qv  are defined as Eq. (14) and 

( ) ( )sig e e sign e
  . 

Substituting Eq. (23) into Eq. (17), considering 

lemma 2 and choosing  min i   we conclude: 

 
4

1

4

1

i i i i

i

i i

i

V e e

e V



 

 

 





  

   




   (24) 

From Lemma 1, we conclude that the system 

Eq. (8) with the proposed FT-C law Eq. (23) is finite-

time stable and the convergence time T satisfies: 

      1

0 0 / 1T x V x     (25) 

As a result, the proof is complete. In this paper, the 

proposed controller of Eq. (14) is called as the 

exponentially convergent nonlinear controller (ECN-

C) and the control law Eq. (23) is named as FT-C. 

Obviously the controller for the first converter (i.e. 
*

1sh dv , *

1sh qv ) are derived in the same way. 

Remark 1: Settling time T  is directly related to 
1  , i.e., larger   causes shorter T as indicated in 

(26). On the contrary,   directly affects control 

signals magnitude as in Eq. (27) and thus larger   

leads to larger control output and higher consumed 

control energy. Designer should consider T and u  

to be not very large in magnitude by selecting suitable 

 . 

3.2. Chattering elimination 

Chattering phenomena could occur in FT-Cs, since 

un-modeled fast electrical dynamics could be excited 

[40]. The design of the controller based on the 

reduced-order model of the plant, and application of 

this controller to the full-order plant would also cause 

unwanted chattering [41]. Chattering may lead to 

fatigue, vibrations, and attrition of mechanical 

devices in the power system. There have been some 

solutions to avoid chattering such as: high order 

sliding mode controllers (SMC) [39, 41], super-

twisting SMC [42], and continuous approximation of 

the discontinuity [39]. 

In this paper, the discontinuity is removed by 

applying the approximation of Eq. (28) into Eq. (23). 

It yields a continuous and chattering-free controller. 

( ) tanh( ),sign         (28) 

where 0   is a real constant.  

From Eq. (28) it is perceived that although a large 

value of   leads to a better approximation, it may 

also increase the occurrence possibility of chattering. 

Thus, a suitable value should be selected for   by 

each specific design. 
 

3.3. Decentralization of the proposed controller 

In this section, an adaptive observer is employed to 

estimate the nominal value of non-locally measured 

parameter; the receiving end voltage (
rv ). It is worth 

mentioning that 
rv  is not a state variable and state 

observers are futile in this case. Assume Eq. (1) is 

written in the form of: 

obsz A z g                                                   (29) 

where [ , ]T

rd rqv v   is the unknown parameters’ 

vector; [ , ]T

rd rqz i i  is the observer state vector; 

1

2 2[ , ]T

L d qg L v v  is the vector of the known terms; 

1

2 2LL I

    and: 

1

1
( , ) L L

obs

L L

R L
A u y

R L









 
   

 
 

It is supposed that the vector values z  and   are 

norm-bounded and z  is locally available. An 

adaptive observer is proposed to estimate the remote 

receiving end voltage   as [43]: 

 

  

1

1 1

ˆ ˆ

ˆˆ ˆ ˆ

T

T

obs x

mS z z

z A z g m S S z z











 

   


       

  (30) 

where ẑ  and ̂  are the vectors of the observed line 

current and the estimated receiving end voltages;
xS , 

S and   are time-varying 2×2 real matrices with 

positive initial values; ,x    and m  are constant 

positive scalars which determine the convergence 

speed. The adaption laws to update 
xS , S and   are 

given as: 

 1

2 2

obs x

T

x x x obs x x obs

T

A mS

S S A S S A mI

S S m  









    



    


    

  (31) 

where 
2 2I 

is the identity matrix. 

The main objective of UPFC/HPFC is to expand 

the feasible operational area of the power system by 

increasing the controllability and flexibility of a 
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power transmission line. For a multi-machine power 

system, a UPFC is able to control the power flow 

through the transmission line, at which the UPFC is 

installed. The power flow between other busses of a 

multi-machine power system is principally influenced 

by the bus voltage phases and magnitudes. However, 

application of UPFC to alter the power flow in 

remaining transmission lines of the multi-machine 

power system, requires a higher-level control 

hierarchy and wide area measurements. Otherwise, 

the system in Fig. 1, representing two arbitrary busses 

of a multi-machine power system, is prevailing for 

power flow analysis. 

In this paper, the power control loop and the HPFC 

current regulator are designed. It is assumed that the 

reference power through the transmission line is 

updated regularly by the authorized higher control 

level, such as the operator of the transmission system 

and the control center. Then, the proposed robust 

controller can be used to effectively control the power 

flow through the intended transmission line of the 

multi-machine power system. 

Considering the proposed controllers and the 

adaptive observer, Fig. 2 depicts the HPFC power 

control scheme. In Fig. 2, the current calculator block, 

as the feed-forward power control loop, consists Eqs. 

(6) and (7). The current regulator block was designed 

in sections III-A and B whereas the observer block 

was proposed in section III-C. 

 

 
Fig. 2.  Proposed decentralized control diagram for HPFC 

using adaptive observer and local measurements. 
 

4. NUMERICAL SIMULATION 

Capabilities of the suggested controllers are evaluated 

through MATLAB in a power system shown in Fig.1 

to evaluate convergence and robustness. The ODE23 

is selected with type of fixed step as the solver. The 

inverse of matrices for the proposed observer are 

calculated using LDL factorization. The studied 

system is perturbed and its parameters are corrupted 

by uncertainties since robustness of the nonlinear 

power system is extremely vital in practice. 

 As shown in Fig. 1, the test system is a two-bus 

power grid, where the HPFC is installed at one of the 

two parallel transmission lines. Since the power flow 

control is the objective, the reduced-order model of 

the machines used as an equivalent synchronous 

voltage source behind the series synchronous 

reactance [44]. 

Simulation parameters of HPFC and the proposed 

controller are presented in Tables I and II, 

respectively. The base voltage and power of the 

system are 100 (MVA) and 65 (kV), respectively.  

In order to study the robustness capability of the 

proposed controllers, parameters of the controllers are 

set to nominal values (2nd column of Table I) while 

parameters of perturbed power system is set to 

simulation values which are 110% of the nominal 

values (3rd column of Table I) in the simulation. 

The parameters of the proposed adaptive observer 

are given in Table III. The initial values of adaptation 

gain matrices in (0)S , (0)xS , and (0)  are set to 

the identical matrix. 

Table 1. Parameters of HPFC in per-unit 

Parameters 
Nominal 

Values (pu) 

Perturbed Simulation 

Values (pu) 

Rsh 0.015 0.0165 

Xsh 0.15 0.165 

RL 0.05 0.055 

XL 0.25 0.275 

1/(ωCdc) 0.5 0.55 

C 3×10-6 3.3×10-6 

 

Table 2. Parameters of the proposed FT-C and PI-C  

parameter i  
i  

i      
VSC #1 VSC #2 

Kp KI Kp KI 

value 1 1 1 7/9 30 0.27 61.3 0.3 65.6 

 

Table 3. Parameters of the adaptive observer 

Parameter x    m  

Values 1e6 1e6 100 

 

Two scenarios are simulated; first, the reference 

tracking capability of the proposed controllers are 

assessed in a perturbed system with parameter 

variation and average-value model of the VSCs. 

Second, the detailed model of back-to-back 3-level 

VSCs is employed to evaluate the proposed 

controllers when a short-circuit fault occurs at the 

middle of the second transmission line in Fig. 1. 
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4.1. Scenario 1 (decentralized reference tracking) 

In order to challenge the robustness of the proposed 

controller in tracking the references, the receiving end 

real power reference is changed from initial value of 

0.8 (pu) to 1.2 and 1.0 at t=0.1 (s) and t=0.3 (s), 

respectively. Simultaneously, reactive reference 

power is altered from initial value of -0.5 (pu) to -0.8 

and to zero. The power angle between the sending and 

receiving ends generators, δ, is changed from -5 

degree to +5 at t=0.5 (s). 

In all cases, the parameters of the power system are 

perturbed by +10% of their nominal values (See 

Table I and (34)) except for PI-C. Nonetheless, the 

proposed FT-C is able to compensate the 

uncertainties which is proved mathematically and 

will be evaluated numerically. Performance of the 

proposed FT-C is compared with the ECN-C (14), 

and with PI-C using the parameters in Table II. 

The simulation results for the power flow control 

are given in Fig. 3. The settling time, and the transient 

overshoot are enhanced with the proposed FT-C, in 

comparison with ECN-C and PI-C. FT-C also yields 

lower overshoot magnitude and has diminished the 

interaction between real and reactive powers, as 

illustrated in Fig. 3. 

The state variables and the controller outputs are 

shown in Figs. 4 and 5, respectively. The range of the 

currents and voltages in Figs. 4 and 5, prove that the 

states and the range of control signals are feasibly 

bounded and are in a practical range.  

The VSC1 regulates the dc link voltage and the 

sending-end voltage magnitude, whereas the VSC2 

regulates the current injected to the grid. 

 In order to compare the accuracy of the proposed 

controllers, the performance measures including 

mean integrated squared error (i.e. 2( )MISE h e ), 

mean integrated absolute error (i.e. ), 

and time-weighted MIAE (i.e. ( | |)MITAE h t e ) are 

used, in which the function ( )h  is defined as [45]: 

   
1

dt
d

h t dt
t

                                                (32) 

where dt is the time duration, and e  is the error 

Eq. (8). 

 

 
 
 

 
Fig. 3.  Power flow through the transmission line with HPFC, 

using difference controllers. (a) Delivered active power (Pr), 

(b) delivered reactive power (Qr). 

 

 
Fig. 4.  Injected current of the converters; (a) VSC1 d-axis 

current, (b) VSC1 q-axis current, (c) VSC2 d-axis current, (d) 

VSC2 q-axis current. 

 

(| |)MIAE h e



Journal of Operation and Automation in Power Engineering, Vol. 5, No. 2, Dec. 2017 

 

198 

 
Fig. 5.  Controller outputs; (a) VSC1 d-axis voltage, (b) VSC1 

q-axis voltage, (c) VSC2 d-axis voltage, (d) VSC2 q-axis 

voltage. 

These performance measures are calculated for the 

error in tracking the reference power flow, during the 

time-interval 0.3 0.7( )dt s  . The results are 

presented in Table IV, which show that the 

performance of the proposed FT-C is superior 

compared to ECN-C and PI-C. 

Moreover, the control effort 2( )h u , where ( )h   is 

defined as Eq. (26), is compared in Table V, for the 

proposed controllers. Although the control efforts are 

similar for the designed controllers, FT-C yields 

improved performance compared to ECN-C and PI-

C, regarding the results in Table IV. 

Table 4. Measures of controlled HPFC performance 

Power Controller MISE MIAE MITAE 

P 

FT-C 2.062e-4 4.900e-3 5.059e-4 

ECN-C 2.315e-4 1.600e-3 2.062e-4 
PI-C 3.400e-3 1.950e-3 1.600e-3 

Q 

FT-C 6.868e-4 7.100e-3 1.200e-3 

ECN-C 8.481e-4 1.130e-3 2.000e-3 
PI-C 7.400e-3 2.570e-3 2.800e-3 

 

Table 5. Control effort 

Controller FT-C ECN-C PI-C 

VSC2 
vd 1.018 1.022 1.024 

vq 0.201 0.201 0.200 

VSC1 
vd 0.995 0.994 0.993 

vq 0.068 0.067 0.067 

 

Table 6. Error measures of the discontinuous FT-C 

Power Controller MISE MIAE MITAE 

P DFT-C 6.005e-4 4.500e-3 5.552e-4 

Q DFT-C 1.700e-3 1.070e-2 1.400e-3 

 

The simulation results for the discontinuous FT-C 

(DFT-C) in Eq. (23) and the causing chattering 

phenomena are depicted in Fig. 6. It is shown that the 

reference-tracking would be inaccurate in the 

presence of chattering. The performance measures for 

the DFT-C are listed in Table VI. Comparing the 

performance measures of continuous FT-C with 

DFT-C, we conclude that FT-C meets the practical 

requirements since the chattering is removed. 

Nominal values of the non-local time-variable 

parameters are precisely estimated by adaptive affine 

observer as shown in Fig. 7. Fast response of the used 

observer makes it suitable for our proposed FT-C. 

Large gain values are allowable as the observer would 

be implemented by software. In validation of this 

issue, it is worth mentioning that the steady state norm 

1 of the matrices 
xS  and S  are 0.001. 

 

 
Fig. 6.  Impact of chattering phenomena on power flow 

through the transmission line controlled by discontinuous FT-

C (with chattering) and continuous FT-C (without chattering) 

 
Fig. 7.  Estimation error of the observer for non-local 

parameters. 

4.2 Scenario 2 (three-phase short-circuit fault) 

In this scenario, the detailed model of three-level 

VSCs with PWM are used for the HPFC. A three-

phase short-circuit fault is applied at the middle of the 
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parallel transmission line in Fig. 1. 

The fault starts at t=0.2 (s) and lasts for 5 cycles. 

This fault causes a voltage sag at the receiving end 

and at the terminals of the HPFC, shown in Fig. 8. 

 

 
 

Fig. 8.  Voltage sag at the HPFC terminal v2 caused by the 

three-phase short circuit fault at the middle of the parallel 

line. 

 

In order to restore the desired power flow, the 

voltage sag is compensated by the proposed robust 

controller and the adaptive observer. The active and 

the reactive power flow are restored to the pre-fault 

values immediately, which are not depicted here for 

briefness. Nonetheless, the control outputs and the 

VSC output current are presented. Capability of the 

VSC1 with the proposed controller in regulating the 

dc link voltage during voltage sag is depicted in Fig. 

9. The 3-phase 3-level output voltage of VSC2 is 

shown in Fig. 10. The 3-level VSC2 with the coupling 

transformer injects a sinusoidal current, as depicted in 

Fig. 11. The current magnitude increases during the 

fault, due to the voltage sag at the terminals of the 

HPFC. However, the current variation is 

compensated in the steady state, immediately after the 

clearance of the fault. 
 

 
 

Fig. 9.  Controlled dc link voltage of the HPFC with two 3-

level back-to-back VSCs. 

 

 
 

Fig. 10.  Output voltage of the 3-level VSC2 during the fault 

 

 

 
Fig. 11.  Output current of the second shunt 3-level VSC2 

during the fault 

 

4.3 Impact of the control parameters on the 

system response  

The parameters of the controllers are tuned with 

respect to the Lyapunov stability criteria, and the 

convergence time of the states considering the 

desired settling time Eq. (21). In order to satisfy the 

Lyapunov inequalities Eqs. (18) and (20), the control 

parameters are designed as the following. 

The control gains  and   are selected to be 

positive real values; the fractional power   is 

limited to the interval (0,1), for finite-time 

convergence; the robustness gain 
mg  is greater than 

the aggregated perturbations norm || ||ig , which is 

calculated in detail in the Appendix A, for parameter 

variations. 

Notably, violation of the mentioned conditions 

may result in instability due to Lyapunov analysis. As 

stated in Remark 1, larger control gain, and smaller 

fractional power, shorten the settling time which are 

also depicted in Figs. 12 (a) and (b), respectively. The 

impact of the control gain and the fractional power on 

the settling time Eq. (21) are depicted in Fig. 12. 

 

 
Fig. 12.  Impact of control gain (  ), fractional power ( ) 

and the initial Lyapunov function on the settling time; Left: 

impact of   with fixed 0.5  ; Right: Impact of   with 

fixed 1  . 

 

However, the high gain yields undesirable 

response and may cause instability, in the presence 

measurement noise and delays. Moreover, the impact 

of the time-delayed controller on system response is 

demonstrated in Fig. 13, using frequency response 

analysis. The delay in the control law is caused by the 
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remote measurements. The Bode diagram is shown 

for different control gains (i.e. k=1, 10, 100) and time 

delays (i.e. 𝜏=10, 100 (ms)). As shown, the phase 

margin decreases while increasing the control gain. 

The gain margin is negative and thus the system is 

unstable for the time delay 100 (ms) with the control 

gain 100 and higher. 

 

 
Fig. 13.  Bode diagram of the closed-loop system with time-

delayed controller; k is the control gain (i.e.  ). 

 

4.4 Power flow control between two busses of 

the modified IEEE 30 bus test system with HPFC 

Here, we assume an HPFC is installed between the 

busses 1 and 2 of the IEEE 30 bus test system [44, 

46], and a wind farm is connected to the grid as 

illustrated in Fig. 16 (Appendix B). The active and 

reactive power delivered to bus 2 from bus 1 (i.e. the 

receiving end) are 
21 1.722( )rP P pu    and

21 0.326( )rQ Q pu    , without the HPFC and the 

wind farm. 

The varying wind generation, disturbs the original 

power flow pattern, and requires online regulation of 

the bus voltage phase and magnitude. In order to 

compensate for the varying wind generation, and 

preserve the pre-scheduled power flow pattern, the 

HPFC is utilized to control the power output of the 

slack bus (bus 1) without modifying the voltage 

phase and magnitude of bus 1. 

The wind farm consists permanent magnet 

synchronous generators which are connected to the 

grid through back-to-back VSC interfaces. The 

aggregated output wind generation is depicted in Fig. 

14 for this case study. The reactive power consumed 

by the wind farm is assumed to be approximately a 

constant value of 0.01 MVAR.  

As shown in Fig. 15, the HPFC injects the residual 

power to deliver the constant pre-scheduled power 

1.722( )rP pu  and 0.326( )rQ pu   to compensate 

for the varying wind power generation. The output 

reference current for the HPFC is altered 

consequently to consider the wind generation. 

 

 
Fig.  14. Aggregated active power generation by the wind 

farm. 

 

 
Fig.  15. Power flow control with an HPFC installed between 

bus 1 and 2 of the IEEE 30 bus test system, to compensate for 

the varying wind generation. 

5. CONCLUSIONS 

In this study, a robust decentralized controller is 

designed based on CLF method to control the power 

flow in a power system using a new configuration of 

the conventional UPFC named as HPFC. The 

proposed FT-C stabilizes the system states in a 

particular known time, is robust against uncertainties 

and rejects disturbance. Besides, the power flow 

control requires online and persistent measurement of 

the receiving end voltage, which needs high-

bandwidth communication. Decentralization of the 

suggested controller, using an adaptive observer, 

eliminates the need for persistent communication of 

the remote measurements, and enhances the system to 

be robust against communication loss and delays. 

Lyapunov stability, finite-time convergence and 

robustness of the CLF-based FT-C is proved both in 

theory and by numerical simulations, which are 

validated on a perturbed power system. The proposed 

FT-C yields superior results in comparison with the 

conventional nonlinear and PI control in convergence 

time, tracking error, and overshoot magnitude for 

power flow applications. It is also illustrated that the 

controlled system rejects the disturbances and is 
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robust against uncertainties. The impact of the high 

control gains and communication delays are shown 

using Bode diagrams. 

APPENDIX A 

There would be numerous reasons leading to changes 

in parameters of a system including external and 

internal disturbances. Deviation of parameters can be 

expressed as: 

0 0 0, ,A A A v v v B B B        (33) 

where subscript 0 denotes the nominal values. 

Substituting Eq. (33) into Eq. (8) and augmenting the 

external bounded disturbance ( d ), we have: 

   

   

*

0 0

0 ( , )

e A A e A A x

v v B B u d g t x

   

     
  (34) 

Comparing Eq. (8) with Eq. (34), we have: 

           ,g A t x t v t B t u x t d t       (35) 

Accordingly, the boundary of the uncertainties and 

thus the required maximum value of 
mg  in proposed 

controllers, Eqs. (14) and (23), are estimated by 

Eq. (35). In the following, we calculate the minimum 

required 
mg  for relative variations of the system 

parameters. Assume, the variations are fractions of 

the nominal values as: 

0 0 0, ,A v BA A v v B B        (36) 

Suppose, as a worst case,   is the relative 

maximum increase of the parameters except for 
shL , 

which have minimum decrease by  .Thus, the 

variation factors in Eq. (30) are calculated as: 

    
1 1

41 I , 1A v B    
 

          (37) 

In order to secure the stability of the proposed 

controllers we have to set 
mg  larger than the 

aggregated disturbances and perturbations, as: 

 0 0 0maxm A v Bg A x v B u d       (38) 

The max function in Eq. (38) is the motive to 

choose   and   as the maximum increase and 

minimum decrease percentage, respectively. 

Consequently, calculating 
mg  is straightforward 

since Eq. (38) consists nominal, known and 

measurable values. 

APPENDIX B 

The modified IEEE 30 bus test system, with an HPFC 

and a wind farm is shown in Fig. 15. The complete 

data of the power system is available in the literature 

[44, 46] and is not given here for briefness. 

Specifications of the HPFC and the wind generation 

are given in Fig. 1 (b) as well as Table I, and the 

section 4.4, respectively. 
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Fig. 16. Single-line diagram of the modified IEEE 30 bus 

system with an HPFC and a wind farm; G denotes the 

generators, and C denotes the synchronous condensers. 
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