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 This paper explores the role of load modeling in small-signal stability analysis, focusing on the 

use of frequency-dependent static load (FDL) models. The study investigates the influence of 

FDLs on oscillation damping and the design of a locally measured power system stabilizer (PSS). 

A specific system configuration is considered, where the FDL is connected to the secondary bus 

of a step-up transformer. Both frequency domain and time domain analyses are conducted to 

assess the impact on system dynamics, with results demonstrated through eigenvalue 

evaluations and system responses to contingencies. The proposed modeling and control 

framework is validated using the IEEE 39-bus and 68-bus test systems, showing improved 

damping performance and enhanced small-signal stability. 

Keywords: Power system stability, power system stabilizer, frequency-dependent loads, local 

plant measurements. 

 

INTRODUCTION 

The dynamic behavior of power systems is significantly influenced by load characteristics, which act as a form of 

feedback within the system. Lightly damped or undamped low-frequency electromechanical oscillations (LFEOs) 

pose a serious challenge to system stability and may lead to large-scale power outages. These oscillations encompass 

intra-plant, local, and inter-area modes. Kundur et al. [1] demonstrated that while modern, high-gain, fast-acting 

excitation systems enhance the damping of inter-area modes, they may reduce the damping of local modes when 

compared to traditional low-gain excitation controllers. Several conventional strategies have been employed to 

mitigate LFEOs, including generation re-scheduling, deployment of power system stabilizers (PSS), auxiliary control 

for distributed energy resources, and supplementary damping controllers integrated into devices such as TCSC and 

SVC, as well as active power load modulation. 

Although loads have a pronounced effect on power system stability [23]–[27], much of the existing research has 

primarily concentrated on generator and turbine control methods to mitigate LFEOs. However, various types of 

loads—such as voltage-dependent loads, frequency-dependent loads (FDLs), dynamic loads, and induction motor 

loads—can also play a significant role in influencing LFEO damping [25], [26], [28]. 

A. Load Control for Damping Low-Frequency Electromechanical Oscillations 

The use of load modulation as a means to damp low-frequency electromechanical oscillations (LFEOs) in power 

systems has been the subject of considerable research. Kamwa et al. [18] proposed a two-loop decentralized active 

power load modulation strategy to enhance system sstability, while Trudnowski [17] demonstrated that load 

modulation can also contribute to frequency regulation. However, applying active power modulation to control 

multiple inter-area oscillation modes can introduce significant computational complexity due to the need for 

coordination among numerous controllers [19]. 

Practical concerns also arise with respect to load modulation, particularly in scenarios involving substantial bus 

voltage oscillations, which may impair the effectiveness of certain loads [16], [21]. To address such limitations, Sabine 

et al. [26] introduced a method for smoothly modulating the power consumption of flexible demand-side loads 
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through voltage regulation, thereby improving the damping of inter-area oscillations. Nonetheless, Chao et al. [29] 

argued that this method may be impractical, as most real-world loads exhibit relatively slow response dynamics—

typically in the range of several seconds to minutes. 

While nonlinear adaptive decentralized controllers have been proposed to improve frequency stability [8], [14], [16], 

these approaches generally consider only the dynamics of locally connected frequency-dependent loads (FDLs) based 

on local measurements. Wide-area control schemes, though potentially more effective, are constrained by 

communication challenges, including latency, packet disorder, and synchronization issues [30]. Consequently, the 

power industry tends to favor simpler, more robust control strategies, such as proportional-integral-derivative (PID) 

and lead-lag controllers, due to their ease of implementation and proven reliability in practical settings [31]. 

Overall, the relatively low penetration of load-based control mechanisms in industrial applications can be attributed 

to a combination of factors, including consumer disutility, communication infrastructure limitations, and the 

complex and uncertain nature of load composition and behavior. 

B. Local Control for Damping Low-Frequency Electromechanical Oscillations 

Local control strategies for damping low-frequency electromechanical oscillations (LFEOs) have gained attention 

due to their practicality and reduced reliance on wide-area communication. Lam et al. [32] introduced a power system 

stabilizer (PSS) design framework based on local measurements by decomposing the generator’s frequency response 

into two distinct components. The first component, which depends solely on the associated generator, has a dominant 

influence on the overall frequency response and remains robust under varying operating conditions. The second 

component, which incorporates interactions with the external network, is comparatively weaker due to the diagonal 

dominance of the reduced admittance matrix. These insights form the theoretical foundation for several PSS designs 

based on local plant signals, as explored in [3]–[11]. 

Gibbard et al. [3] demonstrated that the P–Vr-type PSS offers robust performance, largely invariant to the 

characteristics of individual generators—an observation supported by Lam’s theoretical analysis. Building on this 

foundation, Gurrala et al. [4] proposed a PSS design utilizing local plant signals up to the secondary bus of the step-

up transformer. Kumar [6] extended this approach by designing a PSS based on signals originating directly from the 

secondary side of the step-up transformer. Further developments have applied similar local control strategies in the 

context of microgrids [10] and the Indian power grid [8]. 

Marco et al. [5] introduced a low-computation phase-shaping technique for PSS design in multi-machine systems, 

arguing that Lam’s findings justify the use of the single-machine infinite bus (SMIB) model for effective PSS design 

in such environments. In addition, advanced local control techniques such as feedback linearization [33] and energy-

dissipating hybrid controllers [11] have also been developed, leveraging local plant measurements to enhance 

damping and system stability. 

OBJECTIVES 

The influence of nearby loads on power system stability—particularly in contrast to distant loads—has been well 

documented in the literature [24], [26], [34]. Notably, frequency-dependent loads (FDLs) situated close to generators 

have been shown to increase the diagonal dominance of the reduced admittance matrix, thereby exerting a significant 

influence on the frequency response of the associated generators [32]. To account for this effect, we extend the 

generator modeling approach proposed in [6] by incorporating the dynamic behavior of FDLs connected to the 

secondary bus of the step-up transformer, which is electrically close to the generator terminals. In the IEEE 39-bus 

and 68-bus test systems, four and eight major loads, respectively, are connected at these secondary buses, providing 

a realistic framework to evaluate the impact of local FDLs on system dynamics. 

The primary contributions of this paper are as follows: 

1. The single-generator plant model proposed in [6] is extended to include the dynamics of FDLs connected to the 

secondary bus of the generator’s step-up transformer. 

2. The impact of FDLs on system stability is analyzed through the modification of the open-loop plant transfer 

function, highlighting changes in frequency response and eigenvalue behavior. 
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3. A conventional lead-lag power system stabilizer (PSS) is designed based on the modified plant model, and its 

performance is evaluated across a wide range of operating conditions through both frequency-domain and 

time-domain analyses. 

TABLE I PSS AND WADC DATA, Tw =10 

                                                     

Sl.No. Kumar [6] Kamwa 

[38] 

Ref. [20] 

PSS#1 30.8 30 10 

PSS#2 19 30 — 

PSS#3 23 30 10 

PSS#4 27 30 — 

WADC#1 — — 0.66 

WADC#2 — — 0.68 

Kumar [6]: T1 =0.1732,T2 =0.0577,T3 = T4 =0 

Kamwa [20], [38]: T1 =0.05,T2 =0.02,T3 =3,T4 =5.4 

WADC#1: T5 =0.32,T6 =0.1 ; WADC#2: T5 =0.27,T6 =0.1 

 

Fig. 1. Single line diagram of 4-machine 11-bus system. 

The PSS designed using proposed technique have shown enhanced rotor mode damping in contrast with PSS 

designed in [6], [35], [36], over a wide range of operating secanrios. To demonstrate the efficacy of the proposed 

method, two IEEE test models are considered i) 39 bus and ii) 68 bus power system. 

Comparison of Wide-Area and Local-Area Damping Controllers 

To compare the effectiveness of wide-area and local-area damping controllers, Kundur’s two-area benchmark system 

[37] is utilized. Following the methodology outlined in [20], a wide-area damping controller (WADC) is implemented 

through the modulation of active power demand. In this approach, particle swarm optimization (PSO) is employed 

to design the WADCs at Load 1 and Load 2. 

The transfer functions of both the power system stabilizers (PSSs) and the WADCs used in this study are provided 

below to facilitate direct performance comparison. 
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where KL and KW are PSS and WADC gains. PSSs and WADCs data are given in Table. I. 
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Fig. 2. Slip speed for Gen#1 w.r.t. Gen#3, for a change in Vref at Gen-1 by 0.05 pu for 100ms. X= [20], Y= [38], Z= 

[6]. 

In reference [38], Kamwa et al. designed a power system stabilizer (PSS) for a two-area power system. Building on 

the approach presented by Kumar [6], we design a PSS using local measurements. The PSS gains are selected as one-

fifth of the critical gain, as recommended in [39]. 

Figure 2 illustrates the slip speed response of Generator 1 (Gen-1) with respect to Generator 3 (Gen-3) for a change 

in the reference voltage (Vref) at Gen-1 by 0.05 p.u. over a 100 ms period. As observed, the system damping 

performance with the PSS proposed in [6] outperforms the wide-area damping controllers (WADCs) and PSSs used 

in [20]. Specifically, a well-tuned PSS designed using local measurements demonstrates superior damping 

performance compared to the WADCs. 

Motivated by these results, the PSS design in [6] is further refined by incorporating frequency-dependent loads 

(FDLs) connected nearby, utilizing local measurements to enhance the damping performance. 

METHODS 

Power System Model 

In power system studies, a third-order synchronous machine model, represented as the voltage behind the direct-

axis transient reactance, is commonly employed for designing excitation controllers [40]. It is important to note that 

low-order control schemes are preferred in industrial practice due to their reliability, robustness, and the extensive 

expertise available for their implementation. The dynamic equations for the i-th machine, which are suitable for 

excitation control, can be expressed as follows: 

i i

B mS =                                (3) 

2 i i i i i i

m m e mH S T T D S= − −                                (4) 

( )      i i i i i i

do q q d d d fdT E E X X I E   = − + − +                                (5) 

where, 

                      ( )i i i i i i i

e q q d q q dT E I X X I I = + −  (6) 

The stator equations of ith generator in the algebraic form are given as 

                       i i i i i i

q d d a q qE X I R I V + − =  (7) 
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                       i i i i i

q q a d dX I R I V− − =                                                  (8) 

                
2 2( ) ( )        i i i

t q dV V V= +  
                                                (9) 

 The variables used in this section employ conventional notations [41]. The rotor angle with respect to the secondary 

voltage bus of transformer ( )i i

s sV   is denoted as 
i i i

s s  = − . 

Using local measurements, the rotor angle 
i

s and 
i

qE are given as follows 

1
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                (11) 

where, 
i i i

qt q tX X X= + , 
i i i

dt d tX X X = + , 
i i i

qt q tX X X = + . cos , sini i i i i i i i

s s a p s s a pP V I Q V I = =  is power factor angle 

at the high voltage bus. 
i

sV and 
i

s are the magnitude and angle of the secondary bus of the transformer respectively. 

The expressions for ,,i i i

d q dI I V and    
i

qV are given as follow: 

cos sin
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     (13) 

Locally procurable data ei ei eiZ (R +jX ) for the 
thi  transmission line originating from the secondary bus of stepup 

transformer are used to evaluate biE and i s i  = − , [6] they are given as: 

1

2
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− −

 
 (14) 

cos ( cos sin )bi s i i ei i ei iE V I R X  = − +  (15) 

where cos , sinsi s i si si s i siP V I Q V I = = and .i si i si   = − is the power factor angle at the high voltage bus w.r.t. 

iI . From above relationships, equivalent bus voltage ,b b bE  − and eX  are given below and used in Fig. 5. 
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TABLE II TYPICAL LOAD FREQUENCY DEPENDENCE PARAMETER. 

   Load Type kpf kqf 

Water Heater 0 -2.3 

3-phase Air      

conditioner 

0.98 -1.8 

Fan motors 2.9 1.8 

Agriculter pump 5.6 4.2 

unit of Kpf,Kqf is ‘pu/pu’ [42]. 

 

                                              

Fig. 3. A single machine in a connected network [6] with FDL. 

FREQUENCY DEPENDENT NONLINEAR LOAD 

In Table II, presents the active and reactive power load frequency dependence values for various types of loads 

[40],[43]. Real and imaginary power of the nonlinear load is written below. The active power can be expressed as: 

( ) ( )
1 2

0 1 0 0 1

0 0

1 ( ) 1

p pm m

L L
L L pf L

L L

V V
P P c k f f P c

V V

   
= + − + −   

   
 

 

(17) 

 

Taking 1 1c =  and 1pm and 2pm as 0, (17) becomes as: 

( )0 01 ( )L L pfP P k f f= + −  (18) 

Where, 0f f−  is the frequency deviation from the nominal.  

The reactive power can be expressed as:  

( ) ( )
1 2

0

2 0 2

0 0 0 0

1 ( ) 1 ( )

q qm m

LL L L

pf qf o

L L L L

QQ V V
c k f f c k f f

P V P V

    
= + − + − + −    

    
 

(19) 

 

Where, 0f f−  is the frequency deviation from the nominal.  

Taking 2 0c =  and 1qm and 2qm as 0, (19) becomes as: 

( )0 1 ( )L L qf oQ Q k f f= + −  (20) 
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Where, 0f f−  is the frequency deviation from the nominal.  

The impact of only frequency dependency is observed by setting ,pf qfk k as -1, 0 and 1 respectively. 

In Kron's frame of reference, load current LI  can be given as: 

2
ˆ

ˆ( )

L L L L
L QL DL L

LL

P jQ P jQ
I I jI V

Vconj V

− −
= + = =  

(21) 

It can be further expressed as: 

( )( )0 0 00 0

2 2
ˆ ˆpf qfL

L L L

L L

Pk jQ k f fP jQ
I V V

V V

− −−
= +  

(22) 

SMALL SIGNAL ANALYSIS OF SYSTEM 

In a SMIB power system model. The stator algebraic equations with respect to load bus ( )t tV   are as follows: 

V  = X I + E'q d d q
  (23) 

V  =  - X Id q q  (24) 

The stator algebraic equations with respect to load bus ( )L LV   are as follows: 

qLE' +X' I = Vq dt d  (25) 

qt dL- X I  = Vq  (26) 

Where, dt qtX' =X' +X ; X =X +Xd t q t . 

Linearizing (25) and (26), we get: 

q dt d qLE X I V  +  =   (27) 

qt q dLX I V−  =   (28) 

The complex terminal voltage ( )L LV  in the Fig. 5, can be written as: 

( )

( )

L j

L L L QL DL qL dL

j

e q d qL dL b b

V V e V jV V jV e

jX I jI I jI e E

 








 = = + = +

= + − − + 
 

    (29) 

Splitting up into real and imaginary parts, we get: 

cosqL e d e dL b bV X I X I E = − + +                       (30) 

sindL e q e qL b bV X I X I E = − −                         (31) 

where, b b  = −  

Thereafter, linearizing (30) and (31) for a given operating condition, we get: 
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0sinqL e d e dL b b bV X I X I E   = −  +  −   (32) 

0cosdL e q e qL b b bV X I X I E   =  −  −   (33) 

Linearizing secondary bus voltage of the step up transformer ( )L LV  in park’s frame of reference, we get: 

0 0

0 0

qL dL
L qL dL

L L

V V
V V j V

V V
 =  +   

(34) 

At a nominal operating condition, ( )L LV   can be written as: 

( )0 0 0 0
ˆ cos sinL L L LV V j = +  

    (35) 

Next linearizing (22), LI can be expressed as: 
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After further simplifications, (36) is given as: 
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0 0 0 0

0

0 0 0 0

0

cos sin

sin cos

L pf L L qf L
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L pf L L qf L

I

L

P k Q k
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=

 

After further simplifications, we get the followings: 

0 2 0 2( ) ( )qL L qL L dL RI G G V B B V F f = +  − +  +         (38) 

0 1 0 1( ) ( )dL L qL L dL II B B V G G V F f = +  + +  +         (39) 

After little algebraic manipulation in (32) and (33) respectively, qLV and dLV can be written as: 

( )0 1

0 1 0

1 ( )

( ) sin

qL e L e d

e L dL e I b b b

V X B B X I

X G G V X F f E  

 − + = −  +

+  +  − 
 

(40) 

( )0 2 0 2

0

1 ( ) ( )

cos

dL e L e q e L qL

e R b b b

V X B B X I X G G V

X F f E  

 − + =  − + 

−  − 
 

(41) 

Using qLV and dLV from (27) and (28) respectively, aforementioned equations can be given as: 

( )1 0 1

0

( )

sin

q dt d e d e L dL

e I b b b

E X I X I X G G V

X F f E



 

  +  = −  + + 

+  − 
 

    (42) 

( )2 0 2

0

( )

cos

qt q e q e L q dt d

e R b b b

X I X I X G G E X I

X F f E



 

 −  =  − +  + 

−  − 
 

     (43) 

where, ( ) ( )1 0 1 2 0 21 , 1e L e LX B B X B B = − + = − +  

Re-arranging (42) and (43), we obtain: 

 

Simplifying the above matrix, we have 
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Fig. 4. Small-signal model of a single machine with FDL in a connected network. 

Where, 

( ) 2

2 1 0 2 0 1( )( )f e qt dt e e qt dt L LA X X X X X X X G G G G   = + + + + +  

Afterwards dI and qI can be given as: 

1 2d f b f q fxI C C E C f  =  +  +   (45) 

3 4q f b f q fyI C C E C f  =  +  +   (46) 

Where, 

( )
( )

2 01

1

0 1 0

sin

cos

e qt b

f b f

e qt L b

X X
C E A

X X G G

 



−
 +

= −  
+ +  

 

( )
( )( )

2 11

2 2

0 1 0 2

e qt

f f

e qt L L

X X
C A

X X G G G G

 
−
 + +

= −  
+ +  

 

( )

( )
1 01

3

0 2 0

cos

sin

e dt b

f b f

e dt L b

X X
C E A

X X G G

 



−
+ 

=  
− + 

 

( )2 1

4 0 2                       f e f LC X A G G−= +  

( )
( )

21

0 1

e qt I

fx e f

e qt L R

X X F
C X A

X X G G F


−
 +

=  
− +  

 

( )

( )
0 21

1

e dt L I

fy e f

e dt R

X X G G F
C X A

X X F
−

 + 
=  

+ + 
 

Next, we develop a small-signal model of a single machine connected to the grid. To this end, the algebraic 

equations of the stator given in (23) and (24) are linearized as follows: 
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q d d qV X I E  =  +   (47) 

d q qV X I = −   (48) 

Linearizing (23) and (24), and substituting dI and qI from (45) and (46), we obtain: 

( ) ( )1 21q d fx f b d f qV X C f C X C E   =  +  + +         (49) 

( )3 4d q fy f b f qV X C f C C E  = −  +  +         (50) 

Rotor equation in (6) upon linearizing gives: 

( )( )
( )

0 0

0 0

e q q d d q

q q q d q d

T E X X I I

I E X X I I

  = − − 

 +  − − 
 

(51) 

Substituting (45) and (46) in (51), we can express eT as: 

1 2 7e f b f q fT A A E A f  =  +  +                                   (52) 

Where, 

( )1 0 3 0 1f q f q d q fA E C X X I C= − −                      (53) 

( )2 0 4 0 0 2f q f q q d q fA E C I X X I C= + − −                      (54) 

( )7 0 0f q fy q d q fxA E C X X I C= − −                     (55) 

As, 

( )0 0 0q q q d dE E X X I = − −                            (56) 

Linearizing the equation for the field winding of the ith machine given in (5), we get the following. 

( )0

q

d fd q d d d

d E
T E E X X I

dt


  =  − + −   

      (57) 

Taking laplace transform of (57) and substituting from (45), we get: 

( )

( ) ( )

2 0

1

1 d d f d q

fd d d fx d d f b

X X C sT E

E X X C f X X C 

  − − +  =

  + −  + − 
 

             (58) 

which can be further expressed as: 

( )3 0 3 3 8 3 41 d q f fd f f f f bsK T E A E A A f A A  +  =  −  −   (59) 

Where, 

( )
3

2

 
1

1
f

d d f

A
X X C

=
− −

 
(60) 
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( )4 1 f d d fA X X C= − −  (61) 

( )8  f d d fxA X X C= − −  (62) 

The perturbation in the terminal voltage ( )tV can be expressed as: 

00

0 0

qd
t d q

t t

VV
V V V

V V
 =  +   

(63) 

Substituting from (49) and (50) in (63), we get: 

5 6 9t f b f q fV A A E A f  =  +  +   (64) 

Where, 

00
5 3 1

0 0

 
qd

f q f d f

t t

VV
A X C X C

V V
= − +  

            

(65) 

( )00
6 4 2

0 0

 1
qd

f q f d f

t t

VV
A X C X C

V V
= − + +  

(66) 

00
9

0 0

qd
f q fy d fx

t t

VV
A X C X C

V V
= − +  

(67) 

RESULTS 

A. IEEE 10-generator 39-bus system 

This sub-section outlines the design of a conventional lead-lag power system stabilizer (PSS) for the reference plant 

model, as depicted in Fig. 4. To validate the proposed plant model, the IEEE 10-machine, 39-bus power system is 

utilized (see Fig. 5), with relevant data sourced from [41]. The power system model includes a static automatic voltage 

regulator (AVR) with a high gain of 200 and a time constant of 0.05. 

 

Fig. 5. IEEE 10 generator 39 bus power system model. 
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Fig. 6. Slip speed response of Gen-10 w.r.t. Gen-8, wherein a mechanical power change of 0.1 p.u. is given at Gen-8 

and Gen-10, Proposed PSS (—) and GPC [W] (-.-). 

Fig. 6, shows the slip speed response of Gen-10 w.r.t. Gen8, (ω10 − ω8) when a mechanical power change of 0.1 p.u. 

and -0.1 p.u. is applied at Gen-8 and Gen-10 respectively. 

 

Fig. 7. Slip speed response of Gen-10 w.r.t. Gen-8, following a 0.05 p.u. change in Vref at Gen-8 and Gen-10, Proposed 

PSS (—) and GPC [W] (-.-). 

 

 Thereafter, in Fig. 7, the slip speed response of Gen-10 w.r.t. Gen-8, (ω10−ω8) is given for a 0.05 p.u. and -0.05 

p.u. change in Vref at Gen-8 and Gen-10 respectively.  

From Figs. 6 and 7, it is clearly evident that system exhibit superior damping performance with proposed method 

when compared with [35]. 

 

Fig. 8. Tie line real power flow between buses #2−#11, following a 0.05 p.u. mechanical power change in Gen-8 and 

Gen-10, Proposed PSS (—) and GPC [W] (-.-). 
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Subsequently, Fig. 8 displays the tie line real power flow between buses #2 and #11. To excite the inter-area mode, 

the real power generation of Gen-8 is increased by 0.05 pu and that of Gen-10 is decreased by 0.05 pu. The results 

indicate that the PSS designed using FDL effectively dampens real power oscillations. 

2 3

2

3 3 3 6

( )
( )

f f E

do E f f do E f f E

A A K
GEP s

T T A s A T T s A A K


 + + +
 

(68) 

 

1

2

1
( )

1
pss

sT
H s K

sT

+
=

+
 

(69) 

The PSS structure is designed for simultaneous tuning of the GPC for the kth generator and is represented as: 

( )
( )

2

2 1 0

2
11

k k k k
GPC

k

x s x s x sT
H s

sTsT





+ +
=

++
 

(70) 

Where, k = 1,2,....,ns is the generator number, and 2 1 0, , 0k k kx x x   are the parameters of kth stabilizer, Tk is the time 

constant, Tw is the washout time constant. PSS data used in [35] is given in Table VII. 

The phase responses of the proposed plant model without frequency-dependent loads (FDLs) closely match those of 

the transfer function derived from the generalized eigenvalue problem (GEP) presented in Equation (68). However, 

only the latter transfer function is utilized in this study. A first-order power system stabilizer (PSS) transfer function 

is employed, as shown in Equation (69). To design the lead-lag phase compensation for both plant models, a similar 

phase lead is applied. The time constants for the lead-lag phase compensation are provided in Table IV, with the 

central frequency set to 10 rad/sec. 

 

Fig. 9. Rotor modes for the proposed plant model of Gen-9 (kq: 4 →-2 and kp : 0 → 5.6), with and without FDL. 

 Finally, rotor modes of Gen-9 are shown in Fig. 9 by varying kp: 0→5.6 and kq : 4→-2 with and without FDL. As seen, 

rotor modes exhibit less damping when kq=-2, kp=0. Thus, PSS is designed for each generators exhibiting the least 

damping of system i.e., kq= -2, kp= 0. Moduli and angles of the rotor mode pole sensitivities are given in Table III by 

varying kp and kq for Gen-7 and Gen-9. 
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TABLE III 

MODULI AND ANGLES OF THE ROTOR MODE POLE SENSITIVITIES 

kq 

Gen-7 Gen-9 

kp= 0 kp= 5.6 kp =0 kp= 5.6 

-2.3 0.113∠91.88 0.112∠91.95 0.100∠87.66 0.100∠87.83 

1.8 0.113∠91.89 0.112∠91.97 0.100∠87.37 0.100∠87.81 

4.2 0.112∠91.09 0.112∠91.98 0.100∠ 87.62 0.100∠87.8 

 

Table III shows rotor mode sensitivities are robust with variation in kp and kq. 

TABLE IV 39 BUS: PSS DATA WITH FDL [35] 

 

Gen. 

 

Zaneta [35]— 

 

GPC 

 

GC 

 

Proposed PSS 

 

xk0 

 

xk1 

 

xk0 

 

Kk 

 

T1, T2 

 

FDL 

 

#30 

 

0.1253 

 

2.5205 

 

13.3687 

 

18.6 

 

0.3, 0.053 

 

43.6 

 

#31 

 

0.0812 

 

1.6273 

 

8.2685 

 

8.7 

 

0.2899, 0.053 

 

20 

 

#32 

 

0.0899 

 

1.797 

 

8.9852 

 

7.9 

 

0.388, 0.0478 

 

10.2 

 

#33 

 

0.0505 

 

1.0457 

 

6.98 

 

7.8 

 

0.5, 0.0365 

 

6.42 

 

#34 

 

0.1423 

 

2.8456 

 

14.2282 

 

11.1 

 

0.33, 0.048 

 

21.6 

 

#35 

 

0.0839 

 

1.6781 

 

8.3905 

 

8.7 

 

0.36, 0.037 

 

9.04 

 

#36 

 

0.066 

 

1.3206 

 

6.6028 

 

6.5 

 

0.356, 0.0389 

 

13.7 

 

#37 

 

0.0583 

 

1.1656 

 

5.8279 

 

5.9 

 

0.412, 0.0349 

 

9.8 

 

#38 

 

0.1232 

 

2.5897 

 

19.2545 

 

15.2 

 

0.352, 0.042 

 

15 

 

 

 

TABLE V39 BUS: OPERATING CONDITIONS. 

Conditions Characteristics 

 

1 Base case 

 

2 

Lines out: 4-14; 16-17 

3 Lines out: 6-11 

4 Line out: 3-18; 25-26 

5 Load increase of 350 MW 
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6 Lines out: 4-14; 25-26; 16-17 

 

7 

Lines out: 4-14; 25-26; 16-17, 1-39 

8 Line out: 21-22 

9 Line out: 9-39 

10 Load reduction of 20% 

11 Load reduction of 30% 

12 Load increase of 15% 

13 Load increase of 20% 

14 Load increase of 50% at 16 and 50% at 21 

and line out: 21-22 

 

Fig. 10. Eigen values of 39 bus power system for 140 different operating scenarios. ٨: proposed PSS, ◦: GPC PSS. 

The rotor mode under 14 different operating conditions (see Table V) is shown in Fig. 10 . The proposed PSS as seen 

performs better compared to PSS investigated in [35]. 

B. IEEE 16-generator 68-bus system 

 

Fig. 11. Line diagram of the 68-bus, power system model. 

This subsection discusses an investigation of the IEEE 16- generator 68-bus sub-transient test system, with data 
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sourced from reference [44]. The system comprises of five geograph- ical areas, with generator groups from NETS 

and NYPS representing two of the areas. The system has a total of eleven local and four inter-area modes in the 

frequency range of 0.2–2Hz. In order to ensure a fair comparison, each generator in the system is assigned a 

moderate AVR gain of Td
′

0/2TE , where TE = 0.05s. The proposed FDL model is used to tune the PSS for 15% 

damping, and the corresponding PSS gain values are provided in Table VII. 

 

Fig. 12. Slip speed (ω9) and rotor angle (δ9) response for a real power change of Gen-9 and Gen-10 by 0.15 pu, 

Proposed PSS (—) and GPC [V] (-.-). 

Fig. 12, shows the response of slip speed (ω9) and rotor angle (δ9) for a change in real power input i.e. -0.15 pu for 

Gen-9 and 0.15 pu for Gen-10. The damping of the rotor mode is significantly improved with the proposed PSS 

when compared to the GPC-PSS technique studied in [36] using sequential conic programming approach. 

 

     

 

 

 

 

 

 

Fig. 13. Slip speed response Gen-2 and Gen-10, following a 0.05 p.u. increase in Vref of Gen-5, Proposed PSS (—

) and GPC [V] (-.-). 

 

 Next, Fig. 13 presents the slip speed response of Gen-10 w.r.t. Gen-2, (ω10 − ω2) when the reference voltage (Vref 

) of Gen-5 is increased by 0.05 p.u. for a duration of 100 ms. The proposed PSS is found to provide better damping 

performance  compared to [36]. 
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TABLE VI 68 BUS: OPERATING CONDITIONS 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 14. Eigenvalues of 68 bus power system for 154 different operating scenarios. One of the PSS of generators 1 

to 16 are OFFLINE, except critical locations 2, 3, 9, 10, 11. ٨: proposed PSS, ◦: GPC PSS [36]. 

Conditions Characteristics 

1 Base case 

2 Lines out #53-#54 

3 Lines out #60-#61 

4 Lines out #27-#53 

5 50% constant impedance and 50%constant 

current 

6 50% constant impedance and 50% constant 

power 

7 Lines out #53-#54, #60-#61 

8 Lines out #42-#41 

9 Lines out #40-#41 

10 Lines out #67-#68 

11 Load reduction of 30% 

12 Load increase of 30% 

13 Load reduction of 40% 

14 Load increase of 10% 
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Finally, Fig. 14 shows the rotor modes for 154 different operating scenarios generated by considering 14 operating 

conditions as listed in Table VI. In each scenario, one of the PSS of generators 1 to 16 is offline, except for critical 

locations 2, 3, 9, 10, and 11, resulting in a total of 154 operating scenarios. The proposed PSS is found to make the 

system more robust compared to the PSS investigated in [36].                   

TABLE VII 

                                           PSS DATA OF 68 BUS POWER SYSTEM FOR FDL 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CONCLUSION 

This paper highlights the potential benefits of FDL connected to the secondary bus of a step-up transformer for 

improved oscillation damping in a power system. Furthermore, the study presents a conventional lead-lag PSS 

developed using locally measured data that exhibits better efficacy compared to previous studies by [35] and [36]. 

The simulation results conducted on, an IEEE 39-bus and 68-bus power system, confirm the effectiveness of the 

proposed method. 

 

Gen. Jabr [36]— GPC Proposed PSS 

xk2 xk1 xk0 T1, T2 Gain 

#1 0.110 2.199 10.999 0.2539, 0.0394 30.7 

#2 0.110 2.200 10.999 0.273, 0.0362 12.7 

#3 0.110 2.200 10.999 0.273, 0.036 12.6 

#4 0.070 1.399 6.999 0.467, 0.034 4.65 

#5 0.034 0.911 5.667 0.273, 0.036 20.8 

#6 0.090 1.799 8.999 0.273, 0.036 18.3 

#7 0.059 1.493 8.999 0.273, 0.036 16.6 

#8 0.081 1.624 8.120 0.371, 0.026 16.8 

#9 0.110 2.200 10.999 0.316, 0.031 23.2 

#10 0.110 2.200 10.999 0.273, 0.036 27.2 

#11 0.110 2.199 10.997 0.376, 0.018 6.69 

#12 0.110 2.199 10.997 0.273, 0.036 13.2 

#13 0.110 2.199 10.999 0.213, 0.046 30.9 

#14 0.110 2.199 10.999 0.268, 0.058 28.1 

#15 0.110 2.199 10.999 0.371, 0.266 62.6 

#16 0.110 2.199 10.999 0.142, 0.069 22.7 
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                        APPENDIX III 

LIST OF SYMBOLS 

  Rotor angle in radian 

,B   Synchronous and rotor speed, in 

rad/s, respectively 

  Four-dimensional vector field 

1 9f fA A−  Linearized SMIB system 

D  Rotor damping co-efficient, in pu. 

qE  Transient emf due to field flux 

linkages in pu 

fdE  Excitation voltage in pu 

H  Inertia constant in seconds 

,q dI I  q- and d-axis stator currents, 

respectively 

,E EK T  AVR gain and time constant 

,p qm m  Voltage exponent of active and 

reactive power respectively 

,L LQ P    Reactive and active power of load 

bus,     respectively 

 

,S SQ P  Reactive and active powers of the 

step-up transformer bus, in pu 

0 0,q dT T    q and d-axis transient time constants, 

in second, respectively 

,m mT S  Mechanical torque and slip speed, in 

pu, respectively 

,L LV I  Voltage and current of load bus, 

respectively 

,q dX X   q- and d-axis transient reactances, in 

pu 

,q dX X  q-and d-axis steady-state reactances 

,e tX X  Reactance of the transmission line 

and step-up transformer respectively 

rV  Reference voltage magnitude, in pu 

tV  Terminal voltage magnitude, in pu 

,pf qfk k  Frequency sensitivity coefficient for 

active and reactive power, respectively 
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