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Abstract—This paper describes the process of power
system stabilizer (PSS) optimization by using bacterial
foraging (BG) to improve the power system stability and
damping out the oscillation during large and small
disturbances in a multi-machine power system. The
proposed PSS type is P. Kundur (Lead-Lag) with speed
deviation as the input signal. BG used to optimize the
PSS gains. The proposed BG based delta w lead-lag PSS
(P. Kundur structure) (BG-PSS) evaluated in the well-
known benchmark simulation problem P. Kundur 4-
machines 11-buses 2-areas power system. The BG-PSS
compared with MB-PSS with simplified settings: IEEE®
type PSS4B according to IEEE Std. 421.5, Conventional
Delta w PSS (as the proposed PSS without optimization)
from P. Kundur, and Conventional Acceleration Power
(Delta Pa) PSS to demonstrate its robustness and
superiority versus the three PSSs types to damp out the
inter-area oscillations in a multi-machine power system.
The damping ratio and the real part of the eigenvalues
used as the fitness function in the optimization process.
The nonlinear simulation results obtained in the
MATLAB / SIMULINK environment prove that the
proposed PSS is highly effective, robust, & superior to
the other used controllers in restrictive the inter-area
oscillation in a large power system & to maintain the
wide-area stability of the system. Also, the performance
indices eigenvalue analysis, peak overshoot, settling time,
and steady-state error used to validate the superior
oscillation damping and fast recovered transient dynamic
behavior over the three considered controllers.

This work is open access and licensed under the Creative Commons CC BY 4.0 License.

Index Terms—Multi-machine power system model,
artificial intelligent, power system stabilizer optimization,
bacterial foraging technique, performance indices.

NOMENCLATURE

6" The differentiation of rotor angle deviation.

w,.: Rotor speed.

wy: The rated rotor speed in elec. Rad/Sec = 22nf,
P,,,: The mechanical power.

P, Electrical power

D : Damping coefficient.

K p: Damping constant.

M : Inertia coefficient.

e,; — e,; : Differentiation of (q & d)-axis transient voltage
respectively.

Xq — X4 (d & g)-axis synchronous reactance
respectively.

X, - X(',: (d & g)-axis transient reactance respectively.
T, — T4 : (d & 0)- axis open circuit transient time
constant respectively.

T, — T;,, : (d & q)- axis open circuit sub-transient time
constant respectively.

iq — ig @ The stator phase currents of dq transformation.
K: K, : Constants of the linearized model.

U : The vector of inputs to the system

A : Linearized incremental quantity

Ty Mechanical torque.
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K, : Voltage regulator gain.

T4 : Voltage regulator time constants.

Kgrap : Lead-lag stabilizer gain.

T,:T,: Lead-lag controller time constants.

Ty : Steam chest time constant.

Try : Reheat time constant.

T o : Crossover time constant.

Fyp : High pressure turbine power fraction.

Fp : Intermediate pressure turbine power fraction.
Fp : Low pressure turbine power fraction.

Py : Power at gate or valve outlet.

P, : Initial mechanical power of the speed governor.
Pyp — Ppown : Limits of rate of change of power
imposed by control valve rate limits.

Pyax — Py : Power limits imposed by valve travel.

. INTRODUCTION

Large interconnected power systems are complex and
contain a large number of dissimilar dynamic components
and devices that connected to each other to provide the
electric service to the customer through the wide area.
This widespread area requires isolated systems with
different operating points and conditions due to
economical operations cost [1].

Bulk power transfer in interconnected systems through
long weak transmission lines leads to inter-area
oscillation from 0.1 to 0.7 Hz. Additionally, the isolated
systems suffering from local mode from 0.7 to 2 Hz.
These low-frequency oscillations (LFOs) may disturb the
system operation and limit the bulk power transfer and
may lead to interconnected system separation and
blackout [2, 3].

Automatic Voltage Regulator (AVR) with high gain
used as a solution to the LFOs, when applied in the
excitation system which may cause carriages an
unfavorable effect upon the dynamic stability of the
system by reducing the damping torque. A conventional
power system stabilizer (CPSS) used to add a stabilizing
signal to the AVR to increase the damping torque and
improve the system stability [4, 5].

The CPSS composed of two stages. The gain stage, and
the lead-lag stage, generally beside the washout filter
with speed deviation as the input signal. In general, the
CPSS strongly damps the local mode easily in some cases,
but needs enhancements to generally damp LFOs types.
This enhancement classified into three sets [6, 7].

Firstly, tuning CPSS parameters to optimize its
performance using Meta-heuristic algorithms as in
Strength Pareto Evolutionary Algorithm [8], cultural
algorithms [9], Quasi-oppositional symbiotic organism
search (QOSS) [10], & Salp Swarm Algorithm [11],
moreover, artificial intelligent techniques as the BAT
optimization algorithm (BATOA) [12], Genetic
Programming [13], ant lion’s optimizer [14], and Bio-
inspired Algorithms [1, 15].

Researchers found some lacks in GA performance,
which looked at the application with greatly epistatic
objective functions. Also, the hasty convergence of GA
reduces its act and decreases the search capability [13, 15]
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Secondly, PSS design, by robust & evolutionary
control techniques as He= control [16, 17], quantitative
feedback theory [18], & sliding mode [19]. Thirdly,
researchers work to enhance PSS performance by
changing its structure, optimal and a suboptimal power
system stabilizer [20], fractional-order proportional-
integral-differential (FOPID) controller [21], multi-band
PSS [7, 22].

The use of adaptive control solves the problem of the
robust control in a linear system, which contain
parameters are unknown and changing with time. The
adaptation in a nonlinear system need more calculation
than the linear system. So, through the parameter
valuation step, the state can escape to infinity in finite
time. That makes it a very complicated challenge for the
adaptive system [6, 8].

Generally, CPSS optimization methods in the first
category have advantages over the other two categories,
that the CPSS structure is simple and by tuning is robust
and guarantee system stability improvement without a
heavy mathematical effort in the adaptation process
which may delay the signal of the PSS in the second
category and without increasing the structure of the CPSS
as in the third category [7].

In this paper, the bacterial foraging algorithm used to
optimize the parameter of the P. Kundur (Lead-Lag) PSS
with speed deviation as input. The power system
analyzed by using a power system analysis toolbox
(PSAT). Eigenvalue analysis, settling time, maximum
overshoot, & steady-state error indices used to confirm
the robustness of the BG-PSS. Small & large disturbances
used as the test condition to compare the performance of
the BG-PSS with the three PSS MB-PSS with simplified
settings: IEEE® type PSS4B according to IEEE Std.
421.5, Conventional Delta w PSS from P. Kundur, and
Conventional Acceleration Power (Delta Pa) PSS to
demonstrate its robustness.

The paper outlines: Section 11 power system model and
PSS structure. Section 111 power system analysis. Section
IV optimization technique. Section V simulation. Finally,
section VI conclusion.

Il. POWER SYSTEM MODEL AND PSS STRUCTURE

A. Power system model

The power system model which used as a simulation
problem is P. Kundur 4-machines 11-buses 2-areas power
system. Fig.1., shown the one-line diagram of the system
which its full details illustrated in [23].

The multi-machine system model described as
differential equations, which stemmed from the model of
the different devices that connected to each other as the
generators, excitation systems, and controllers. In this
work, the generators modeled by way of a d-q axis by
using the 6-order model, and can be described by the
following six differential equations [24]:

8 = wy — wy; 1)
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All generators in the system connected to tandem
compound, single reheat prime mover steam turbine
connected to speed governing system. The details of the
speed governor and the steam turbine clarified in the
IEEE committee report [25].

Fig.2., (A & B) has shown the speed governor system
for the steam turbine, and the tandem compound, single
reheat prime mover steam turbine respectively. The
voltage regulator type is DC1A excitation system model
shown in fig.3. The details of the regulator revealed in the
IEEE excitation model report IEEE Std. 412.5-2005 [26].

The Heffron-Philips block diagram for the multi-
machine power system without PSS shown in fig.4. The
block diagram, firstly, proposed in [27]. The constants are
the interaction between the generators; the constants
equations proved & discussed in [28].

400 MW
L1 s 6 Tiokmdti0km,, 10 11 3 G
N\ 25 km| 10 km 10 km| 25 km
R R s I W L SO S
I—J%Q qu"_l
7 i N 1‘9
2 4

G2(~ ~) G4

7 Area 1 Area 2

Fig.1. The one-line diagram of two area 4-machine 11-bus system.
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Fig.2.The dynamic models of: (A) The speed governor system for steam
turbine & (B) The tandem compound, single reheat prime
mover steam turbine.

Vuer Vestax
(ALTERNATE)

_ LisTe HYV Gate I
1+sT, l+ST Vx\/ }STE |

Vo (S Ko |

VAV, |

Vx = EppSglErp] )——:

SKg
1+sT,

Fig.3. Type-DC1A-DC commutator exciter.

AU,

Fig.4. Heffron—Phillips block diagram of multi-machine power system
without PSS.

B. Power system stabilizer

The function of the power system stabilizer (PSS) is to
add damping torque according to the generator rotor
oscillation by adding it to the AVR signal in the generator
excitation system [23]. In this paper, the PSS type used is
Delta w PSS P. Kundur (Lead-Lag) with speed deviation
as input signal shown in fig.5., the data of the stabilizer
described in [23].

The optimized parameters are the stabilizer gain Ksrag,
and the time constants T1, T2, & T4. The washout time
constant Tw selects to be 10 Sec. The time constants T; &
Ts considered as lead time constants equal to each other.
Where, the time constants T, & T, are considered as lag
time constants also, equal to each other.

I1l. POWER SYSTEM ANALYSIS

The power system analysis process depends on the
power system analysis toolbox (PSAT) version 2.1.8
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which created by F. Milano and available for a free
charge at [29]. The PSAT is a MATLAB toolbox used for
static and dynamic analysis of the electric power system.
The PSAT has its own built-in library to draw the power
system.

Table 1. displays the Eigenvalue analysis of the system
state matrix which computed by PSAT toolbox, and the
dominant state variable that has high participation value
in each mode.

Table 1. reveals that the power system without PSS
suffered from one inter-area mode, which has a frequency
with 0.550 Hz. And damping ratio 0.035, and two local
modes with frequency 1.13, & 1.15 with damping ratio
0.112, & 0.115 respectively.

ha, KT, ST, ST,
1+5T, 1+5T, 1+5T,

Fig.5.The block diagram of P. Kundur (Lead-Lag) PSS.

Table 1. System modes without PSS

Eigenvalues . . Most Associated
- Frequency Damping Ratio
Real Imaginary States
-0.78901 +7.1401 1.13638 0.1098 Aw,,A6,
-0.84036 +47.2535 1.154431 0.11508 Aw,, A8,
-0.13319 43.4215 0.54454 0.038897 Awsz, A53

Furthermore, from the Eigenvalue, there are three
swing modes, one inter-area, and two local modes. The
two local modes accepted because of their damping ratio
higher than 5%, which means the system is stable when
exposed to this problem. However, the inter-area mode
has a 0.035 restraining ratio, which makes the system
goes to unstable and required additional damping torque
from PSS to damp out this oscillation as quickly as
possible.

The most associated variable called also the dominant
variable. Its variables have a high participation factor in
the dominant modes.

Fig.6., shown the compass plot for the mode shapes of
the rotor angle modes. These mode shapes drawn from
the right Eigenvectors which computed from the system
Eigenvalues in the modes comprise a swing mode only.

un T '} My e P
m m

(a) Local mode (b) Local mode
f =1.1324Hz, £=0.1128 f =1.1545Hz, £ =0.11556

%
o

wo e i —Tm

(c) Inter-area mode
f =0.5504Hz, £ =0.035084

Fig.6. The compass plot of the swing modes.
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The mode shape with a 1.13 Hz frequency is a local
mode, with a generator G1 swing against the G2 in area 1.
The local mode that has a 1.15 Hz frequency generates by
the G3 swing in contrast to G4 in area 2. The third mode
that produces a frequency of 0.55 Hz is an inter-area mode,
which caused when the generators G1 & G2 in area 1
swing counter to the G3, and G4 in area 2.

The inter-area mode with damping ratio 0.03 is the
most danger stability problems of the three swing modes
that happens in this problem because this mode wouldn’t
be stable without the reaction of robust PSS against this
LFO. Otherwise, the other two local modes which have a
damping ratio higher than 0.05 can easily & shortly
damped.

It’s clear that from the summarized Eigenvalues & the
mode shapes of the analyzed system without PSS (with
manual excitation), the system is sensitive to any
disturbance and can easily separate to isolated areas,
which may expose the system to fully blackout.

IVV. OPTIMIZATION TECHNIQUE

The optimization technique used in this paper is an
artificial intelligence technique called Bacterial Foraging
Optimization Algorithm (BG) which, firstly, proposed by
Passion in 2002. The BG based on the social foraging
behavior Escherichia Coli (E. Coli) bacteria simulate the
process of searching for foods in the human intestine
[30]. The BG algorithm process involves four
consecutive steps chemotaxis, swarming, reproduction,
and elimination-dispersal [30].

In this paper, the BG toolbox used to consider as
groups of M-files working in MATLAB background,
which freely located at the Math-Work site [31].

The process of optimization depends on using the
following (A) matrix which computed by state-space
analysis from the Heffron—Phillip’s block diagram of the
multi-machine power system shown in fig.4. when
connected to a lead-lag PSS shown in fig.5. The input of
the CPSS is Aw;, and the output signal of the CPSS used
as input to the AVR block.

Volume 11 (2019), Issue 7



Performance Assessment of Bacterial Foraging based Power System Stabilizer in Multi-Machine Power System

()

The first row of the combined full (A) matrix
represents the first generator G1. Equation from 8 to 11
the full details of the first row of the (A) full matrix
which define the self-matrix of the G1 at All, and the

effect of the other generators on it at (A12, A13, Al4).
It’s easy to derive the other rows of the (A) matrix as G1.
The (A) matrix used as a function in the MATLAB, then
these functions called from the BG M-file to search for
the optimized value of the fifth parameters mentioned in
the previous section. The optimized parameters showed
in table 2.

0 Wy 0
—Ki11 0 —Ka11
My My
—K411 -1
T4o K311T4o
—KaKs11 0 —KaKs11
A = Ta Ta
—KwKi111 0 —KwK211
My My
—KyK111T1 0 —KwK211T1
M1T, M1T,
—KwK111T1T3 0 —KwK211T1T3
M1TTy M1ToTy
0 wo 0 0
—Ki12 0 —K212
My My
—K412 -1
T4o K312T4o
—KaKs12 0 —KaKe12 0 0 0 0
A12— T T
A A
—KwKi12 —KwK212
anili 0 wa 0 0 0 O
1 1
—KyKi112T1 0 —KyK212T1 00 0 O
M;T, M;iT,
—KwK113T1T3 0 —KwK212T1T3 00 0 O
M1T2Ty M1ToTy b
)
0 Wy 0 07
—K113 0 —K>213
My My
—K413 0 -1
Tdo K313T4,
—KaKs513 0 —KaKe13 00 0 O
Ay = T T
A A
—KwK113 0 —KwK213 0 0 0 0
My My
—KwK113T1 0 —KwK213T1 0 0 0 0
M1 T, M1 T,
—KyK113T1T3 0 —KwK213T1 T3 0 0 0 0
M1T,Ty MT,Ty |
(10)
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0
0
1
— 0 0 0
Tdo
-1
— 0 0 0
Ta (8)
-1
0 — 0 0
Tw
Tw-Ty -1 0
T T2 T,
T3Ty=TsT1 Tp-T3 -1
T ToTs TyT, Tyl
0 Wy 0
—K114 0 —K214
My My
—K414 -1
Tao K314T4o
—K4Ks14 —KaKe14
A ——= 0 —= 0 0 0 O
12 — Ta Ta
—KwK114 0 —KwK214 00 0 O
My My
—KwK114T1 0 —KwK214T1 00 0 0
MiT, MiT,
—KwK114T1T3 0 —KwK214T1T3 00 0 0
M1 ToT, M1 TyTy |
(11)

Table 2. shows the optimized parameters that obtained

when depending on maximizing the minimum damping
ratio fitness function that helps the BG in optimizing the
values better than minimizing the maximum real part of
the eigenvalue fitness function. This optimized lead-lag
PSS by using BG tested in the multi-machine power
system to prove its robustness.

Table 2. The CPSS optimized parameters by using BG Algorithm.

The parameter The optimized Value
Ksrap 48.6813
T, Ts 0.036479 Sec.
T, T, 0.01 Sec.
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Performance of Three P33 for Interarea Oscillations

This demo requires the Control System Toolbox

Double click here for more info

413 Mw
—r
Afp—s A Bl et s [ S— A = | A
—— B0—ab — — B0—b I B
C[s—s c c|l—a— —_ c - I C
Bricl Line 1a Line 1b B2 2
B1 B2
Area1 (110 kmy l (110 km} Area 2
T_m o
Fault \‘
—_—

=12 [a_theta v= 14 [o=g)

Machines

Stop
Machine
Signals

Stop simulation
if loss of synchronism

Fos. 5=

W_B1 & V_B2 (pu)

Active Power from
B1 to B2 (MW}

Phasors

Select a specific PS5 model
by typing:

0 (Mo PES)

1 (MB-PSS)

2 (Deltaw PSS from Kundur)
3 (Delta Pa PSS)

- PSSmodel

PSS model Goto

System

Fig.7. The Simulink multi-machine power system.

V. SIMULATION WORK

The simulation process depends on the most popular P.
KUNDUR 4-machines 11-buses 2-areas system connected
by a tie transmission line 220Km length, which proposed,
firstly, as a stability problem in [23].

Also, edited by changing the reference generator from
G3 to G2, which considered as the slack machine, the load
voltage profile improved closer to unity by installing 187
MVAR. Capacitors in each area, and transmission &
generator loss varied depending on the lines & generators
details to be adequate in the MATLAB program as in [32].
This power system problem after editing founded as a
demo called “performance of three PSS for inter-area
oscillations” can select from (SimPowerSys) help tap into
the MATLAB program.

The demo also proposed three PSS to investigate its
performance against small and large signal stability tests.
The test result showed that the multi-band (MB-PSS)
with simplified settings: IEEE® type PSS4B according to
IEEE Std 421.5 proposed in [26] robust & superior than
Conventional Delta w PSS from P. Kundur (lead-lag PSS)
and Conventional Acceleration Power (Delta Pa) PSS.
All the previous three PSS data showed in [32]. The
construction of the proposed PSS is the same of the
second and third lead-lag PSS, but with (Delta w) as the
input signal as the second PSS.

The simulation process consists of two steps small and
large signal performance assessment. Fig.7., shown the
Simulink multi-machine power system which used in
simulation steps.

A. Small signal stability assessment

In this stage, the reference voltage of generator G1 will
be increased by 5% since 12-cycles (from 1 to 1.2 Sec.).
The effect of increasing the voltage magnitude of G1 by
5% of the bulk power transferred when the system without
PSS shown in fig. 8.
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Fig.8. The effect of small signal test on the bulk power transferred when
the system without PSS.
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(b)

Fig.9. The response of the system without PSS to the voltage magnitude
of G1 increase by 5% for 12-cycles (A) Speed deviation of the four
generators & (B) Terminal voltage of the four generators.
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Fig.9., (A & B) showed the speed deviation and the
terminal voltage of the four generators after the reference
voltage of generator G1 will be increased by 5% for 12-
cycles without PSS, respectively.

The system response without PSS to the small signal
assessment in the previous three figures displays that the
system becomes unstable when exposed to these
conditions. That is also, cleared from the Eigenvalue
analysis the system is unstable without PSS.

Fig.10., shown the effect of increasing the voltage
magnitude of G1 by 5% for 12-cycles (from 1 to 1.2 Sec.)
on the bulk power transferred when the system connected
to BG based delta w lead-lag PSS (BG-PSS) in

comparison to the system connected to the other three PSS:

MB-PSS, Delta w lead-lag PSS, and Conventional
Acceleration Power (Delta Pa) lead-lag PSS. Table 3.
labels the LFO signal characteristics from fig.10.

T
ME-PSS
Deltaw Lead-Lag PSS
wnnDelat P Lead-LagPS8 -

=BG Based Lead-Lag PSS

Pouwer fram B1 to B2

70, L L
SrCO 2 4 6 8 10 12 14 16 18 20
Time Sec

Fig.10. The effect of the small disturbance on the bulk power
transferred when the system connected to BG-PSS in comparison to the
system connected to the other three PSS: MB-PSS, Delta w lead-lag
PSS, and Conventional Acceleration Power (Delta Pa) lead-lag PSS.

Table 3. The characteristics of bulk power transfer oscillation.

PSS Max. & Min. Settling Steady-State
Tvoes Overshoots In Time Error
P Percentage Sec. MW
+4.0224%
MB-PSS -35.8510% 5.9450 +0.1286%
Delta w 0
Lead-Lag 21312%880/2 4.9934 +0.0354%
PSS )
Delta P, 0
Lead-Lag +53§§gf£ 9.3024 +0.0763%
PSS )
BG Based o
lead-lag +6377§gg£ 3.0601 +0.0020%
PSS )

Fig.10., and table 3. shreds of evidence that the using
of BG-PSS is robustness & superior to the other three
PSS. That is because the maximum overshoot & the
settling time in the bulk power transferred are smaller
than the other three PSSs.

The steady-state error value in the case of the proposed
BG-PSS is the closest to 413MW (the initial power
transferred from areal to area2), while its higher than the
initial value by 1.9855e-005%.

Fig.11., shown the speed deviation of G1 against
increasing the voltage magnitude of G1 by 5% for 12-
cycles when the system connected to BG-PSS in

Volume 11 (2019), Issue 7

comparison to the system connected to the other three PSS:
MB-PSS, Delta w lead-lag PSS, and Conventional
Acceleration Power (Delta Pa) lead-lag PSS. Table 4.
describes the LFO signal characteristics from fig.11.

xin’

Speed Defjation a1 G "MBpss |

4 Defta w Lead-Lag PSS
w0 DeiaP LeacLagPSS

PR = 5 Based Lead-Lag PSS

L L IR Y LLL Lot Tl KT T
() ; :
*

rya s

i
IS

Fig.11. The system speed deviation response to the small disturbance
when the system connected to BG-PSS in comparison to the system
connected to the other three PSS: MB-PSS, Delta w lead-lag PSS, and
Conventional Acceleration Power (Delta Pa) lead-lag PSS.

Table 4. The characteristics of the speed deviation oscillation.

MB-PSS ;%‘;ﬁi’j 4.3624 -9.2822¢-5
Leaa?ll_tggmlgss 5(%8(;24 5.3583 -5.733e-5
LeaDd(-aII_t:gPI;SS %l%%eei 19.5755 -7.852e-5
cadgpss | raies | 589 | 4ssues

As displayed in fig.11., and table 4, the Delta Pa Lead-
Lag PSS has a poor settling time and the highest
maximum overshoot, so that its weakest PSS. The BG-
PSS & the MB-PSS are stronger than the other two PSS,
but the MB-PSS have a greater frequency, the worst in
steady-state error, and its maximum overshoot higher
than the proposed BG-PSS.

So, it’s clear that the proposed BG-PSS is superior to
the other three PSS and have the best performance in
damping the small signal stability in comparison with the
other PSSs.

Fig.12., shows the effect of growing the voltage
magnitude of G1 by 5% for 12-cycles on the terminal
voltage of generator G1 when the system connected to
BG-PSS in comparison to the system connected to the
other three PSS: MB-PSS, Delta w lead-lag PSS, and
Conventional Acceleration Power (Delta Pa) lead-lag PSS.
Table 5 terms the LFO signal characteristics of fig.12.

Table 5. and Fig.12., demonstrate that the proposed
BG-PSS have the smallest settling time & maximum
overshoots, which are the most important indices because
the long settling time as the delta Pa Lead-Lag PSS makes
the system exposed to LFOs problem the long time, and it
may go to be unstable. Also, the highest maximum
overshot clarifies the PSS weakness in damp any LFOs
oscillation especially the present criteria inter-area
oscillation.
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1.08 T

H MB-PSS
Terminal Voltage at G1 Deltaw Lead-Lag PSS
104 wunDelaP LeadlagPss -

e BG Based Lead-Lag PSS

Valtage PU

I I I
12 14 18 18 20

& 8 10
Time: Sec.

Fig.12. The effect of small disturbance on the terminal voltage of G1
when the system connected to BG-PSS in comparison to the system
connected to the other three PSS: MB-PSS, Delta w lead-lag PSS, and
Conventional Acceleration Power (Delta Pa) lead-lag PSS.

Table 5. The characteristics of the G1 terminal voltage oscillation.

Maximum . . Steady-State
PSS Types Overshoot Settllsng Time Error
P.U. ec. P.U.
1.0330
MB-PSS 0.9970 5.8000 1.0001
Delta w
Lead-Lag égggg 3.0530 1.00002
PSS :
Delta P,
Lead-Lag 1.0320 9.5635 1.000025
0.9959
PSS
BG Based 1.0299
lead-lag PSS 0.9929 2.9182 1.00001
The small signal assessment illustrates that the

proposed BG-PSS stronger than the other three PSS in
damp the inter-area oscillation. On the other hand, the
delta w lead-lag and delta Pa lead-lag PSSs are the
weakest in damp the inter-area oscillation, respectively.

So, in the next section (the large signal assessment) the
delta w lead-lag and delta Pa lead-lag PSSs neglected to
simplify and clarify the graphs.

B. Large signal assessment

In this section of PSS testing the large signal
assessment applied to the proposed BG-PSS and the MB-
PSS only. In this step, the PSSs tested against three-phase
fault cleared in 8 cycles by opening the breaker (1 & 2)
which located at the middle of one of the tie transmission
lines.

This assessment tests the robustness of the PSSs with
veneration to changing operating condition, which makes
it a very rough test to show the PSSs superiority.

Fig.13., shows the effect of clearing three-phase fault
after 8 cycles on the bulk power transferred from the area
(1) to the area (2) when the system connected to BG-PSS
in comparison to the system connected to the MB-PSS.

Table 6 defines the LFO signal characteristics from fig.13.

Fig.13., and Table 6. confirm that the proposed BG-
PSS have the largest maximum overshoot, but the MB-
PSS swinging in a large range between the min. & max.
Overshoot values which make the system highly exposed
to go too unstable. Moreover, the steady-state error in the
BG-PSS case is the closest & higher than the initial
power transferred value (413MW) from the area (1) to
area (2).
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Fig.13. The effect of clearing three-phase fault after 8-cycles on the
bulk power transferred when the system connected to BG-PSS in
comparison to the MB-PSS.

Table 6. The characteristics of the bulk power transfer oscillation.

Max. & Min Settling
PSS Types Overshoot Time Stelﬁdgérsct:rt]tiaELror
MW Sec. J
+12.2929% ,
MB-PSS _52.47% 10.6787 -3.8354%
BG Based
lead-lag *14.3543% 1 136240 +1.1792%
PSS -8.6722%

But there is a problem in the case of using MB-PSS
against this test that the power transferred is limited by
3.83% of the normal value, which means that the MB-
PSS doesn’t improve the system stability sufficiently,
because the inter-area oscillation essentially limits the
bulk power transfer and the MB-PSS can’t give back the
power to its normal (initial) amplitude to make the system
work adequately by serving the load with the required
power level.

3
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Fig.14. The system speed deviation response of clearing three phase
fault after 8-cycles when the system connected to BG-PSS in
comparison to the MB-PSS.

Table 7. The characteristics of the speed deviation oscillation.

PSS Max. & Min Settling
Types Overshoot Time Sec. Steady-State Error
0.0035
MB-PSS -0.0017 18.7186 2.8374e-3
BG Based
lead-lag 0.0029 17.4077 1.203e-3
PSS -0.0028

Fig.14., illustrates the speed deviation of G1 response
against clearing three-phase fault after 8-cycles when the
four generators in the system connected to the BG-PSS
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and MB-PSS. Table 7. describes the LFO signal
characteristics from fig.14.

Table 7. and Fig.14., prove that the BG-PSS is the
stronger, while its compromise the smallest settling time
and the steady-state error closest to zero, and the speed
deviation in its case swings in the smaller range between
Max. & Min. overshoots than the MB-PSS.

Fig.15., shows the effect of clearing three-phase fault
after 8-cycles on the terminal voltage of generator G1
when all the generators in the system connected to BG-
PSS versus the MB-PSS. Table 8 explains the LFO signal
characteristics from Fig.15.

12 T

Terminal Voltage at G1 ME-PSS
ﬁ =G LeadLag PSS
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Fig.15. The effect of clearing three-phase fault after 8-cycles on the
terminal voltage of generator G1 when the system connected to BG-PSS
in comparison to the MB-PSS.

Table 8. The characteristics of the G1 terminal voltage oscillation.

PSS Max. & Min Settling Steady-State
Types Overshoot Time Sec. Error
MB-PSS 1.1510 11.9181 0.992
0.9536
BG Based
lead-lag é;ggg 12.5431 1.0186
PSS )

From table 8. and Fig. 15. shows that the steady-state
error in the two cases is diverse from the initial value
which is unity per unit because it’s normally to go to a
new operating point after the SC because one of the two
tie lines (which connect the two areas) opened.

But the important object is the level of the power
transferred because if the required power doesn’t
transport from the area (1) to the area (2) the loads on
area (2) wouldn’t serve satisfactorily.

The important problem is that the limited value of
power in the case of the MB-PSS (3.83%) not a high
value which makes the system goes to isolation the
blackout in some parts, but if the SC occurred than the
used test, it can happen. Continuously, the tests
demonstrate that the MB-PSS does not improve the
power system stability sufficiently when compared to the
proposed BG based lead-lag PSS.

Finally, the goals of this work attained by using the BG
to optimize the delta w lead-lag PSS (P. Kundur
construction), makes it superior to the other three PSSs
and make it more robust in damping the inter-area
oscillation which improves the overall system stability
effectively.
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VI. CONCLUSION

This paper proposed the using of the bacterial foraging
algorithm (BG) to optimize the parameter of the delta w
lead-lag power system stabilizer (PSS) (P. Kundur
structure). Delta w means the speed deviation is the input
signal to the PSS. The objective of this proposal is to
improve this PSS performance in damping the inter-area
oscillation and improve the system stability.

The well-known P. Kundur multi-machine 4-
generators 11-buses 2-areas workbench system in the
MATLAB program used to test the BG based lead-lag
PSS. The system analyzed by using the Power System
Analysis Toolbox (PSAT) in MATLAB platform. The
state-space analysis used to compute the (A) matrix from
the Heffron—Phillips multi-machine power system block
diagram to use it in the PSS parameter optimization.

The test procedure applied on the MATLAB /
SIMULINK in two test parts firstly small signal
assessment by increasing the reference voltage of
generator G1 by 5% for 12-cycles. Secondly the large
signal assessment by clearing three-phase short circuit
after 8-cycles by opening one of the two tie lines which
connected the system which makes it goes to a new point
and strongly test the proposed PSS.

The proposed BG based lead-lag PSS compared with
this three PSS: the multi-band (MB) PSS with simplified
settings: IEEE® type PSS4B according to IEEE Std
421.5, the Conventional Delta w PSS (as the proposed
PSS without optimization) from P. Kundur, and the
Conventional Acceleration Power (Delta Pa) PSS to
demonstrate its robustness & superiority versus the three
PSSs types to damp out the inter-area oscillations in
multi-machine power system.

The Eigenvalue analysis, settling time, rise time,
steady-state error, and the maximum overshoot used as
indices to demonstrate the robustness and superiority in
damping the inter-area oscillation against the other three
PSSs.

Also, the result of simulation & by depending on the
used indices the proposed BG based lead-lag PSS
founded to be robust & superior to the other three PSS in
damping the inter-area oscillation. Final, the proposed
PSS improves the overall system stability by robustly
damp and omit the effect of the small and large signal
tests in comparison to the other three PSSs.
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