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Abstract

This paper demonstrates the controlling abilities of a large PV-farm as a Solar-PV inverter for mitigating the chaotic
electrical, electromechanical, and torsional oscillations including Subsynchronous resonance in a turbogenerator-
based power system. The oscillations include deviations in the machine speed, rotor angle, voltage fluctuations (lead-
ing to voltage collapse), and torsional modes. During the night with no solar power generation, the PV-plant switches
to PV-STATCOM mode and works as a Solar-PV inverter at its full capacity to attenuate the oscillations. During full

sun in the daytime, on any fault detection, the PV-plant responds instantly and stops generating power to work as a
Solar-PV inverter. The PV-farm operates in the same mode until the oscillations are fully alleviated. This paper mani-
fests the control of the DC-link capacitor voltage of the Solar-PV inverter with a bacterial foraging optimization-based
intelligent maximum power point tracking controller for the optimal control of active and reactive power. Kundur’s
multi-machine model aggregated with PV-plant is modeled in the Matlab/Simulink environment to examine the rotor
swing deviations with associated shaft segments. The results for different test cases of interest demonstrate the posi-
tive outcomes of deploying large PV-farms as a smart PV-STATCOM for controlling power system oscillations.

Keywords PV-STATCOM, Power oscillations, Grid-connected system, BFO algorithm, Rotor dynamics

1 Introduction

The growing demand for clean energy has drawn atten-
tion to renewable energies like wind and solar. The use
of renewable energy has many advantages. However,
these renewable sources, when used at large scale, sig-
nificantly alter power network stability in a number of
ways. This leads to a shift in research focus to the alter-
natives to exploit the untapped capabilities of these RPPs
(Renewable Power Plants) for power system stability
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enhancement. For example, wind is prominent amidst all
renewable sources, and the active role of DFIG (doubly-
fed induction generator) in alleviating power oscillations
is now recognized and established [1, 2]. Solar-PV con-
tributes a significant proportion considering the other
renewable generating units of current interest, and Solar-
PV farms are the fastest-growing industry in the renew-
able sector and are rapidly increasing their proportion.
Because of the extensive installation of WPPs (Wind
Power Plants), the overall competency of these large scale
PV-farms has grown [3-5], though the present PV pene-
tration level is marginal concerning the optimal demand.
This needs to be augmented by establishing more PV-
farms across the globe. The overall growth rate indicates
that it will touch 10-15% within a decade [6], and several
large scale PV-plants of more than 100 MW are in opera-
tion while many more even larger ones are planned [7-
10]. With the growing penetration of PV generating units
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the prime concern is to examine their effectiveness in the
suppression and control of power oscillations by using
and controlling inverter capabilities. In [11-14], power
system oscillations are damped with PV-plants, whereas
a unique idea of using large-scale PV plants as STAT-
COM was first introduced and commissioned in 2009
[15, 16]. The concept, termed PV-STATCOM, proposes
the use of the overall inverter capability of PV-farms
when sunlight is not available for solar power genera-
tion and hence operating in full STATCOM mode during
night-time. In addition, the remaining inverter capabil-
ity after the solar power generation in the daytime was
used for different ancillary supports like voltage regula-
tion [15], growing the connectivity among the Solar-PV
farms, and enhancing the power transfer capability of the
transmission lines [17, 18]. A major drawback of this con-
cept is that the Solar-PV inverters cannot be used when
solar power generation is in full swing. A novel technol-
ogy [19] is exploited in [20] to build a Solar-PV inverter,
where the inverter abilities of a Solar-PV farm are fully
used both after sunset and during the sunlight in day
time at any stage when required for alleviating SSR (Sub-
synchronous resonance) [21-24].

1.1 Recent advances

In [25], large-scale PV-farms were deployed for SSR con-
trol and alleviation. In [20], the Solar-PV inverter was
used as STATCOM [26] for mitigation and control of SSR
oscillations for power system stability. In [27], the power
system oscillations were stabilized using a synchronous
MG (motor-generator) pair. Power oscillation dampings
with PV-STATCOM were presented in [28], and [29] con-
trolled the power system voltage using a smart Solar-PV
inverter. In [30], an adaptive compensation scheme allevi-
ated the power oscillations by controlling large PV-farms,
while alleviation of electromechanical oscillations using a
PV-farm was presented in [31]. Reference [32] proposed
a unique control scheme to use the utility-scale PV-plants
to mitigate power oscillations for stability enhancement.
In [33], a novel controller was designed and deployed for
the stability of a grid-integrated PV-plant, whereas [34]
aided inertia using a virtual alternator to control the fre-
quency of a PV-integrated power system. Reference [35]
proposed synchro power controllers to stabilize the sys-
tem with rising PV penetration, while voltage support of
power systems using grid-tied PV-farms has been dis-
cussed in [36]. In [37], an intelligent PV system enhanced
the electrical modes of the power system in a smart grid,
and in [38], power system frequency was controlled and
stabilized by manipulating the lagging VAR supplied by
PV-STATCOM. Reference [39] controlled a largescale PV
plant as a Solar-PV inverter to alleviate the oscillations
and support frequency regulation to stabilize the power
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system. In [40], post-fault voltage recovery was sup-
ported with a Solar-PV inverter to aid system stability.

1.2 Impact of soft computing techniques in the domain
Soft computing-based metaheuristic optimizers are now
highly popular for deriving optimal control parameters
and solving problems in daily life to the complex math-
ematical domain. In [25], a human-based metaheuristic
optimizer was used to dampen low-frequency power
oscillations using a large-scale PV-farm. Reference [41]
exploited the swarm abilities of another metaheuristic
optimizer for optimally regulating the control signals
to stabilize the power system. In [42], SSR was damped
and alleviated with a PSO optimizer and in [43], the
output power of a hybrid Wind-PV farm was controlled
using a hybrid metaheuristic optimization technique in
response to the system oscillations to produce the sta-
bilizing effect. Another swarm-based algorithm WOA
(Whale optimization algorithm) was proposed in [44] for
optimally controlling a Type-2 WPP to mitigate low-fre-
quency oscillations. In [45], IG-based WPP oscillations
were controlled with BFO-based LQR. In [46], another
metaheuristic hybrid algorithm was used to control the
frequency of a PV-coupled three-area power system.
Power system stability improvement with intelligent PSS
control was demonstrated in [47].

With the growing trend of modern metaheuristic
algorithms and rising PV penetration, this paper exam-
ines the ability of the BFO optimizer in optimizing the
inverter capabilities of a grid-connected solar farm for
quenching and controlling the chaotic oscillations in a
series-compensated [44] multi-machine system.

This paper explicitly demonstrates the merits of a
PV-plant as a Solar-PV inverter for quenching and sup-
pressing the different oscillatory modes, including rotor
fluctuations, coupling voltage, and shaft torsional move-
ments causing SSR for both steady and transient states.
The basic controller of the Solar-PV inverter is the same
as that in [20]. With the advantages of soft computing-
based intelligent techniques SPS:refid::bib41|bib42|bib4
3|bib44|bib45|bib46|bib47[41-47], this paper proposes
BFO [48, 49] for optimal control to achieve the desired
outcomes in terms of the least settling time and more
negative eigenvalues for different system modes of inter-
est. A comprehensive tabular analysis of the present work
compared with previous studies is presented in Table 1.

The paper presents the following points which, to the
author’s best knowledge, have not been considered in
earlier studies:

+ A Solar-PV inverter is made to operate as a PV-
STATCOM to stabilize the different modes of a Tur-
bogenerator-based power system.
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Table 1 This work versus previous studies (a comparative analysis)
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Previous works Inverting technique Control technique

Attribute

[20] Solar-PV Inverter Traditional
[25] Solar-PV Inverter

[28] Solar-PV Inverter Traditional
[29] Solar-PV Inverter Smart

[30] Solar-PV Inverter Intelligent; (ANFIS)
[31] Solar-PV Inverter Traditional
[32] Solar-PV Inverter Traditional
[36] Solar-PV Inverter Traditional
[37] Solar-PV Inverter Smart

[39] Solar-PV Inverter Traditional
[56] Solar-PV Inverter

This work Solar-PV Inverter

Intelligent (Metaheuristic; Human Based)

Intelligent (Metaheuristic; Swarm-Based)
Intelligent (Metaheuristic; Swarm-Based)

Electrical +Torsional mode

Electrical +Torsional mode

Electrical mode

Electrical 4+ Electromechanical mode
Electrical + Electromechanical mode
Electromechanical mode

Electrical + Electromechanical mode
Electrical + Electromechanical mode
Electrical 4+ Electromechanical mode
Electrical 4+ Electromechanical mode
Electrical mode

Electrical 4+ Electro-mechanical +Torsional mode

+ An intelligent MPPT control of the DC-Link capaci-
tor voltage is implemented and introduced for opti-
mal control.

+ Itis the first time that an intelligent controller is opti-
mally controling the inverter side voltage of a large-
scale PV farm.

+ A swarm-based optimizer tunes the outputs of the
Solar-PV inverter for overall stability and control
using the classical PWM (Pulse width modulation)
approach.

The remainder of the paper is organized as follows:
Section II presents the PV modelling and Section III
describes the multi-machine system comprising four
conventional turbogenerators. Section IV presents the
suggested BFO-based inverter control scheme, while
Section V presents a detailed analytical discussion with
supporting graphics. Finally, Section VI summarizes and
concludes the paper.

2 Solar-PV inverter

This paper considers a standard model of a PV-farm. This
has already been used and validated for power system
stability analysis in many studies [14, 25].

Even though the PV generators [14] are dispersed
throughout the solar farm, as is the case in wind farms,
the aggregate PV power is transmitted using a single
integrated unit. Consequently, all the Solar-PV units
inside the farm are integrated to operate as a single
generator with equivalent MVA equalling the aggre-
gated rating of all PV-generators. Since the converter-
coupled PV-generators are capable of also exchanging
lagging VAR, the large-scale PV-plant can be simulated
as an alternator, i.e., the large-scale solar farm may be

Converter
Control

AC
v Network
de DC
; A P5.Qq
B4 (8 B ) 0 DC Comverter

PV Array

Link

Fig. 1 A single unit PV generator with the control unit

assumed to be a load or generator bus of proper limit
[12], as is the case in several studies [11-14, 28], In
this paper, the PV-farm is simulated as a unit generator
capable of delivering real and reactive powers.

The basic unit of a Solar-PV farm is a PV generator.
A PV-generating unit, as shown in Fig. 1, comprises
mainly three elements: (1) PV-array; (2) converter; and
(3) controller.

The overall equation of the output current for the
array is represented as [14]:

(Va + IpyRs)q
[pv —ISCA(G) Np*[o EXP nNSkT 1
(1)
A large scale PV-farm contains N PV units. The power
system stability analysis incorporating the PV-farms
is realized as a single generating unit model obtained
by aggregating the N individual PV-generators. In this
paper, the NREL (National Renewable Energy Labora-
tory) equivalence method is adopted to build the large
PV-farm single-unit generator. The NREL aggregating
method from the single generator equivalent model is:
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The entire study is carried out with a 300 MVA single
generator equivalent PV-farm [20], built of 300 individual
PV-generators of 1 MVA each [14].

3 The multimachine system
The Solar-PV operation modes have already been dis-
cussed and described in [20]. In this paper, Kundur’s
multi-machine model [22], integrated with a PV-farm,
is realized and modeled in Matlab software to examine
system stability, including the torsional modes (SSR).
As shown in Fig. 2a, the generator 1 of area 1 is mod-
eled as the IEEE FBM comprising several segments
with considerable inertia viz the different turbine units:
HP, IP, low-pressure turbines (LP,, LPp), alternator, and
exciter connected with different shaft segments. Zero
damping is assumed to cast the worst conditions. The
synchronous generator parameters, including the shaft
segments, are the same as those in [50]. The alterna-
tor rated at 892.4 MVA is operating at 500 MW. A 300
MVA single generator equivalent PV-plant is associated
with the PV bus enabling the aggregate power produced
at the generating end to comply with [50]. The model
parameters are identical to those of Kundur’s two-area
model [21], rationalized on 100 and 892.4 MVA bases.
The line is compensated at its optimal level and is fixed
at 80%. An aggregated large-scale PV-farm is associated
with the voltage-controlled bus with a line of 25 km in
length to exchange the active and reactive powers at the
common bus following the machine’s oscillatory move-
ments. The PV-farm is realized using a static converter
comprising a total of 6 IGBTs employing a static capac-
itor for the DC supply having volt-ampere characteris-
tics the same as that of the solar panel in a largescale
PV-farm [17, 51]. The PV-farm is made to operate at
the optimal point during its normal operation with
the MPPT technique [52, 53], and a static capacitor at
the converter DC side holds the DC voltage at a fixed
value [54]. An LLL-G fault is introduced between buses
8-9, while the chaos produced because of the perturba-
tions, introduced like an LLG-fault, change in electric
torque, etc., is stabilized using the proposed BFO-tuned
PV-STATCOM.
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3.1 The multi-machine modelling

The multi-machine sub-transient modeling has been pre-
sented in [55]. Post-fault analysis of alternators can be
realized using the sub-transient model comprising four
windings (viz. a field winding accompanied by an amor-
tisseur coil at the d-axis, and two amortisseur windings at
the g-axis) of the rotor.

For 'm’ synchronous machines of P-poles let ,,, be
the total angular displacement of the rotor’s d-axis con-
cerning the stator axis (a-axis). The rotor speed of the ith
alternator in electrical rad/sec, is given as:

B % deshaﬁ
2 dt

w; = (4)
The rotor angle § is supposed to be constant for uniform
shaft speed:

p

= E.Qshaﬁ — wgl (5)

Hence, for the ith machine, Eq. (5) is written as:

dé;

Ezwi_ws (6)

The dynamics of the ith generator are governed by the
swing equation, as:

2H d3§

ws W = Tmi - Tei (7)

Here, machine inertia is shown by H, T, stands for elec-
tromechanical torque and T, is the mechanical torque.
Using the sub-transient model of the ith machine, Eq. (7)
may be written as:

doi _ o oy =) oy
dr oH le D(w; — ws) — ( X — xlsz)Equql
(xdt — xdl (qu‘ - xlSi)

E/ ‘I /
dildi
( Cai — Xlsi l

)
(o = 1)
< Yqi x’f’)

VYogidai
( qi xlsz)

wldl /7
(qu« - xlsi)

+ (Xa/i/i - Xo/i/i)lqi]di

(8)
where the direct axis (d-axis) components for the ith
machine are: I;—Armature current (d-axis). X/;—Sub-
transient reactance (d-axis). Xéﬁ—Transient reactance
(d-axis). Xz—Synchronous reactance (d-axis). 7 ,, T}

0’ ~ doi
—Transient and Sub-transient time constants (d-axis).
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(Generator 1 as IEEE FBM)
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3¢ PWM modulating signal)

MA-Triangular carrier

(a). Kundur’s multi-machine model aggregated with PV-farm
Fig. 2 a Kundur’s multi-machine model aggregated with PV-farm, b the proposed control topology

Similarly, I; is the quadrature axis component of the

stator current, and X é’i, X éi and X,; are the g-axis com-
ponents of the sub-transient, transient, and synchronous

qui/ 1

dt Teioir

i)

(x;.’i — Xdi
(x/di - xlsi) ?

~Eg; — (Xai — Xar § —Lai —

reactances, respectively. T, ; and T, are the g-axis sub-
transient and transient time constants, respectively.
The transients in the emf because of field linkage (E)

and quadrature axis amortisseur windings Ez;i are

mathematically presented as:

(Vai — Xy — Xisi)lai — Eqi) ¢ + Efai )
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dE 1 (x
I o ) 5 (—~Vagi + Xty — X1 Igi — Ear) (10)
dt qui’ /
qu‘ — Xisi
. X /" / Z
Y14i and Vo4 represent the sub-transient emf that arise Vicos (8 — 6;) — (xdi - xlsi) E. (xdi - xdi) Vidi
becaus.e of link%ng flux in the direct and guadrature axes ' Lo () —xi) T (% — xsi) i
amortisseur coils, and can be mathematically presented + Ryl — Xgilyi = 0
as: (13)
dl/fldi { , , /" / /"
= —— | —Ya + Ej; + (X3 — Xigi Id'} 11 , (xqi - xlSi> (xqi - xqi)
dr T;i/oi i qi ( i Sl) i ( ) V;‘Sln(&‘ _ 9[) + ; E;’l _ ; wqu‘
(xq[ - xlsi) (qu« xlsi)
dragi 1 y y — Ryilji — Xqilg; = 0
dr Tigo {quz +E, — (Xq,‘ - Xlsi)lqz} (12) (14)
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Equations (4—12) present the machine rotor dynamics
in differential equations. The armature quantities con-
cerning stability analysis are supposed to be associated
with the source terminal parameters and expressed as
algebraic Eqs. (13, 14):where V;: machine terminal volt-
age. R : armature resistance. Xj;: armature leakage
reactance.

3.2 Exciter modeling

The exciter comprises a separately excited DC genera-
tor and supplies excitation current to the field windings
on the rotor. The saturation function in the IEEE DC1A
exciter is mathematically expressed as:

Sk (Efd) = ASCBSEfd (15)
where Egy; stands for the excitation voltage of the ith
machine. A  and B, are derived from the saturation curve.
The exciter is modeled as:

d;/tm = Tiﬁ[—vm + Vi) (16)

d;;ri = i {K;i(ﬁ Rp; + I(Ai(vreﬁ = Viri) — 1<1;;§€Efdi - Vm}
(18)

dgfi _ TLH [—Rei + Egi] 19)

where V4; and V; are the voltage state variable and termi-
nal voltage, respectively.

3.3 PSS model
PSS is mathematically modeled and expressed with speed
deviations as an input signal, as:

sTy,  (1+sTy) (1+sT3;)
(145Ty) (1 +sT2) (1 + sTa;)

Vpssi = Kpssi (20)

where T;: Time constant of washout. K. PSS gain. T ;,

T, T3, Ty Time constants for the lead-lag compensator.
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The constant T, nullifies the steady-state error in
the reference voltage because of the speed deviations.
The lead-lag constant T};, Ty, Ty;, and T,; are tuned to
dampen and suppress the oscillations over the frequency
range over which the oscillations arise.

4 Inverter control scheme incorporating BFO
algorithm

4.1 Inverter controller

The primary inverter controller of the proposed Solar-PV

inverter resembles the state-of-the-art controller [20] and

is shown in Fig. 2b.

The controller components are reproduced here for
clarity only. The primitive controller mainly consists of
three control blocks, viz. current, damping, and DC volt-
age control. The Solar-PV control block [20] uses the
alternator speed deviations as a control signal for gener-
ating auxiliary stabilizing signals that develop the torque
components against the sub-synchronous oscillations.

The generator speed deviations comprise all the oscilla-
tory information related to electrical, electromechanical,
and torsional modes that may exist in a turbine-cou-
pled turbo alternator system. The Solar-PV inverter is
assembled at the turbine-generator terminal and hence
instantly senses any speed deviation in the turbogenera-
tor. The inverter controller is designed to operate in the
DC domain (d-q frame), so the controller voltage is held
in synchronism with the power system PCC voltage using
the PLL (Phase-locked loop). The PLL angle 6 computes
the d-q components of the 3-¢ grid voltage and current
(Vp Vi 1y 1). The current components I; and I, govern
the active and reactive powers of the Solar-PV inverter.

4.1.1 Damping controller

The damping block shown in Fig. 3 instantly senses any
speed deviations (Aw), with the help of the washout
block. The deviation is further augmented with a gain K
and reversed by a 180-degree phase shift to get the refer-
ence current Id,ef which acts as an input to the current
regulator. Thus, the damping controller generates the ref-
erence current I, for regulating the Solar-PV inverter
reactive power in accordance with the turbogenerator
oscillations.

Washout |
0 > sT,, A® | Gain | 180-Degree o= [Mdref tuned
1+sT, Factor(K) Phase Shift | - .

Fig. 3 Damping control block
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(b) DC voltage control flow chart
Fig. 4 a DC regulator, b DC voltage control flow chart
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4.1.2 DCvoltage regulator

The DC voltage controller depicted in Fig. 4a includes
MPPT as a subsystem to maintain the inverter-side DC
voltage Vp of the Solar-PV inverter. With the input of
converter side voltage (Vpc) and solar-current (Ipy), the
MPPT generates a reference voltage Vpcyer for control-
ling the actual power of the PV-farm. The error produced
on comparing the converter side voltage (Vpc) and ref-
erence voltage Vpcyr is processed with the PI controller
and a reference current [, is generated and fed to the
current regulator. The BFO optimizer monitors and opti-
mally tunes the controller gain.

The flowchart presented in Fig. 4b portrays the overall
working of the intelligent MPPT-based DC regulator. The
DC voltage regulator continuously observes the system
conditions to check whether the system is working sat-
isfactorily, i.e., if the system parameters are under prede-
fined values (if Aw<1 rad/s). At this stage, the solar farm
continues generating the normal power at its full capacity
and Vpcrer = V p Once a disturbance is observed above
the threshold value (e.g., Aw > 1 rad/s), the PV-plant stops
the power generation instantly and the Solar-PV inverter
is immediately switched to full STATCOM mode with
Vpcrer set to Ve Once the system is stabilized, e.g.,
when Aw <1 rad/s, the Solar-PV inverter steadily returns
to active power production by reducing V. to the pre-
fault value V' ;p. At this stage, the Solar-PV inverter starts
operating in partial PV-STATCOM mode, i.e., when the

(2023) 8:15
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Solar-PV inverter is resuming active power production,
the PV-inverter still operates as PV-STATCOM for miti-
gating the disturbances with remaining capacity left after
the real power production until Vj-_y/ yp. The partial
PV-STATCOM mode is then fully disabled and PV power
generation is completely restored to the initial prefault
level without any interruption in the disturbance allevia-
tion process.

4.1.3 The current regulator

The current regulator in Fig. 5 is part of the inner-loop
and controls the Solar-PV inverter voltage in response to
the rotor speed deviation. First, the d-g components (I,
and 1) of the grid 3-¢ current is compared to the refer-
ence currents (I,,,cand 1,,,). The error produced is then
fed to the current regulator (PI controller), the output
of which is further processed and magnified with the
decoupled feed-forward loop. The augmented signal is
then normalized to derive the d-q component (1, m,) of
the 3-¢ PWM modulating signal (m1,,,), which is further
compared to a carrier wave of high frequency to synthe-
size the IGBT switching signals. The switching ripples on
the inverter AC-side are attenuated using LCL filters.

The role of BFO-based PI controller The PI controller
makes the current regulator generate the required converter
output voltage. This is fed to the PWM modulator to pro-
duce the gate signals, until the d-axis grid current I, matches
the desired ., generated by the damping controller block

BFO
Tuned Vsd
i
d
= K,
- S Av td
Decoupling Feed - Forward

Fig. 5 Current control block
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Convergence Curve
250 T T T T T T T T T

§ | m—EFOA

ERROR

25 30 3B 40 45 A0
Iteration
Fig. 6 The controller error with BFO iterations

and the g-axis current [, matches the desired reference 1,
generated by the DC voltage regulator.

The BFO-based metaheuristic-swarm optimizer is
deployed to optimally select the PI controller gain to
promptly reduce the errors to the least value. Once the
d-q components of the line currents /; and I, match
the desired reference values - and 1, the direct and
quadrature errors, i.e. (Id,ef—ld) and (Iq,ef— Iq), approach
zero. Figure 6 presents the error against the number of
BFO iterations, obtained using Matlab.

The control blocks are identical to those of the con-
troller used in the inverter control in [20] except for
tuning the controller parameters with a ‘trial and error’
approach. In this paper, the MPPT-based DC voltage
controller and current PI controller gains are selected
with the BFO optimization technique to obtain the
desired results.

The lagging VAR injected from the Solar-PV inverter
is regulated following the rotor deviations, resulting
in a required voltage variation at the coupling bus. The
voltage is modulated so that a compensating current is
driven in the alternator armature windings. The current
components are such that they alleviate the rotor oscil-
lations, including sub-synchronous oscillations due to
series compensated lines. In addition, the modulated
voltage also stabilizes the PCC voltage as per the system
requirements.

4.2 Optimal controller parameter selection using the BFO
algorithm
The BFO detailed theory has been discussed in [48, 49].
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Counter
clockwise
rotation
S/
- TUMBLE
Clockwise rotation

Fig. 7 The bacterial chemotaxis

4.3 Rule-based BFOA heuristics

In the present study, the primitive metaheuristic BFO
optimizer is customized and tailored to suit the com-
plexity and problem dimensions of current interest. This
reduces the computational time without altering the
accuracy. The new BFOA heuristics state:

+ The controller gain is made the function of bacterial
positions in the problem search space.

+ The bacteria continuously change their position
with set heuristics. The gain and performance
matrices are altered accordingly until they converge
to a location that brings a suboptimal/optimal solu-
tion with a gain that extracts the desired objective
in a particular search space with a fixed dimension
and certain bacterial count.

« The primitive BFO optimizer follows conventional
chemotaxis with a set run length and hence is not
easily adaptable to the new problem dimensions
that lead to extra computational burden accompa-
nied by prolonged convergence time.

+ Conventional chemotaxis movements of BFO with
a fixed step length lead to slow convergence.

+ The new heuristics redefine the chemotaxis move-
ments. The modified chemotaxis is now adaptable
to problems with arbitrary dimensions and com-
plexity.

+ The new chemotaxis with adaptive run-length alters
and augments the step size while the observed
bacterial movement is in the right direction, and
acquires the desired gain and decreases the run-
length by the same amount.

The new chemotaxis with customized heuristics
leads to a steeper convergence and reduced compu-
tational burden without compromising accuracy.
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The BFO algorithm is summarized as follows.
[Step 1] Initialization of BFO parameters p, S, N, N,
N,, N,, P, C(i)(i=1,2..5), 6"

i. p: Search area dimension

ii. S: Bacteria count

iii. N, Swim-length

iv. Nc: Chemotaxis steps

v. N,.: Reproduction stages

vi. Nq: Elimination-dispersal stages

vii. P 4: Elimination-dispersal chances of the bacteria

viii. The bacterial position P (j, k, {)={¢' (j, k, I) for
i=1, 2,...,5} is the bacterial location amid S bacteria at
the jth chemotaxis, kth reproduction, and /th elimina-
tion-dispersal stage

ix. C(i): Run-length which is held constant for the
simple design.

The bacterial chemotactic movements including swim
and tumble are shown in Fig. 7. The bacterial movements
and actual bacterial positions during BFO optimization
are portrayed in Fig. 8.

[Step 2] /=14 1: Perform Elimination-dispersal;

[Step 3] k=k+ 1: Perform Reproduction;

[Step 4] j=j+ 1: Perform Chemotaxis;

[a] For i=1, 2...S, perform chemotaxis for the ith bacte-
rium

[b]Evaluate the cost J (i, j, & [) at the ith bacterial loca-
tion ¢' (j, k, )
*I has been interchangeably used to represent the
cost (optimization theory) and chemotactic move-
ment related to the nutrient surface (Biological pro-

cess).
5 —

ns ® ]
3t ® .
2 -

®

®

1 - 4
of ® |
1+ B
0 : 2 3 4 5

@
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Let, J i, j, k, ) =] (i, j, k, D +T . (0" (j, k 1), P(j, k, 1)),

where the subscript cc stands for cell-to-cell signalling in
the bacterial swarm.

Let /=7 (i}, k 1)

Tumble: Vector initialization A(i), with elements
lying in the range [—1, 1]. A(i) € NP with each ele-
ment A,,(i),m=1,2,...,p.

Move: Let

AG)
VAT ()AG)

Step size C(i) coincides with the bacterial tumble

direction.
[f] Evaluate, J (i, j+ 1, &, ).
Let

0 (j+ 1,k,1) = 0 (j, k, ) + C(0)

J(ij + Lk,0) =] (i,j, k1) + Jee (0 (j + 1,k, 1), P(j + 1, k, ).

[g] Swimi) Let m=0 (swim-length counter)ii) While,
m<N,,

o Letm=m+1

. If] (l’ ]+ 1’ k) l) < ]lﬂst’

o let ]lﬂst:](i,j+ 1, k1), ' G

. if: — if: . i

and let 0°(j + 1,k, 1) = 0°(j, k, 1) + C(z)im

Use Gi(j + 1, k, l) to evaluatenew ] (i, j+ 1, &, [).

Else, let m=N,.

[h] Jump to the next bacterial (i41), if i # S (jump to
[b] to process the next bacterial).

5
4 ]
3, -
2r ]
1_ -
0_ -
1t ]
0 1 2 3 4 5

(b)

Fig. 8 The bacterial swarm during optimization a the initial bacterial position, b the final bacterial position on convergence
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Variable initialization
(Seti=0)

Y

Increase the elimination
| dispersal loop counter
I1=1+1

No

Yes

Increase reproduction
loop counter <
k=k+1

Perform elimination No
dispersal

Yes

Increase chemotaxis
loop counter

Jj=j+1
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T

Increase bacterial index
i= i+l

0=

Yes

A

Evaluate the performance index,
add the cell-cell attractant effect
to the nutrients concentration
and set Jju = J(ij, k1)

Evaluate the performance index
J(i, j+1, k 1) considering the
cell- cell attractant effect

v

| Set swim counter m = 0 |

No Perform
reproduction

Fig.9 The BFO algorithm

[Step 5] If j < N, jump to Step 4, and continue the
chemotactic movements.

[Step 6] Reproduction:

[a] Fork,land i=1, 2,...... , Slet

No+1

]lflealth = Z ](i’j’k: l)

j=1

mathematically presents the ith bacterial health (health
measures the bacterial fitness in terms of nutrients
availed by the individual bacteria). Arrange the bacterial
and chemotactic parameters C(i) in the scaling (increas-
ing) cost J},,,, (high cost means poor health).

[b] The S, bacterium having utmost J,,,;,;, dies and the
rest of the bacteria, having fewer Jj,,,;, (.., sound health),
grow and split.

Set Jiusr = J(ij+ 1,40 | g XS No Set
swim m = Ns

[Step 7] If k<N,,, jump to Step 3. Here, the required
reproduction stages have not been reached, hence initiat-
ing the next chemotaxis.

[Step 8] Elimination-dispersal: For i=1, 2,....., S hav-
ing probability P, ,, perform elimination-dispersal for the
individual bacteria (this maintains the bacterial count at a
fixed value).

This is achieved by dispersing bacteria at an arbitrary
location on account of bacterial elimination. If /<N,
jump to Step 2; else end the process.

The BFO flowchart comprising different steps of opti-
mization is shown in Fig. 9. In the present work the BFO
parameters are (S=6; Ns=2; NC=10; Nre=2; Ned=2;
Ped=0.2; Sr=S/2).
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Fig. 10 Generator angle deviation (AS)

5 Analytical results

This paper demonstrates the ability of a large-scale solar
farm to dampen the oscillations by rapidly exchanging
the active and reactive powers at the common bus. Kun-
dur’s modified model aggregated with a 300 MVA large-
scale PV-farm (containing 300 individual PV-generators)
is realized in the Matlab/Simulink domain to test and
demonstrate the dynamic behavior of alternator power
angle (8), speed (w), active power (P), lagging VAR (Q)
and the shaft torsions while the system experiences a 3-¢,
6-cycle, LLLG fault. The critical clearing time is 60 ms. A
series capacitor of appreciable capacitance is connected
in the line between buses 8-9 to set an optimal compen-
sation of 80%. Compensating a line at such an optimal
level boosts the natural parameters of the line. This leads
to an appreciable amount of natural current in the line
connected to the armature terminals. Such natural cur-
rents cause forced mechanical oscillations to the rotor at
a sub-synchronous frequency causing SSR that ultimately
leads to damage to interconnecting shaft segments at the
rotor. The inertial constants of all the machine elements
have been considered zero for the true realization of the
worst scenario. Additionally, the system is also perturbed
by introducing a variable (20%) stator terminal volt-
age (AV, and a varying (10%) counter electromagnetic
torque by altering X,”. This also introduces an additional
disturbance exactly analogous to the perturbance caused
by a 3-¢ fault. The overall chaos produced is stabilized
using the grid-tied Solar-PV plant working as a Solar-PV
inverter. A swarm-based intelligent optimizer BFO opti-
mally controls the MPPT DC voltage controller [20]. The
PI parameters of the inverter control system, estimated
by the Ziegler-Nichol method for K, and K are 46.45 and

TIME (SEC.)

TIME (SEC.)

1, whereas the BFO-optimized K; and K; are 198.57 and
2.76, respectively. The simulation outcomes for deviations
in the generator angle, speed, active power, variations in
the common point voltage (AV), and the torsional modes
for the cases, viz. without/with the Solar-PV inverter, and
with the suggested BFO-based Solar-PV inverter dem-
onstrate the capabilities of the recommended control-
ling topology in mitigating and stabilizing the multiple
disturbances simultaneously. A user interface is designed
in Matlab to realize the outcomes more precisely and to
be user-friendly. The GUI input corresponding to the dis-
turbances introduced is the numeric values in decimals.
For example, the user interface input for an 80% compen-
sated line is 0.8, and inputs for 10% and 20% variations in
electromagnetic torque and reference voltage are 0.1 and
0.2, respectively. A damping value of zero means the sys-
tem’s inertial constants are neglected, and input 1 means
the inertial constants are considered.

5.1 Transient stability with zero natural dampings

The system experiences a 3-¢, 6-cycle, LLLG fault at 3 s
for 60 ms. Although the alternators integrated into the
system have their natural inertia, the inertia of the alter-
nators is not considered in the proposed work so that
the effect of the natural damping may be obviated. The
line is compensated optimally at 80% with zero inertial
constants.

A 10% variation in the counter-electric torque accom-
panied by a 20% variation in the set armature voltage are
additional disturbances to simulate worse circumstances.
The oscillatory movements for the machine’s different
modes of current interest are portrayed in Figs. 10, 11,
12,13, 14 and 15.
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Table 2 Transie

nt eigenvalues

Torsion mode-eigenvalue/damping ratios

Torsion-mode

Without solar-PV inverter

With solar-PV inverter

With BFO-based solar-PV inverter

5th Mode
4th Mode
3rd Mode
2nd Mode
1st Mode
Oth Mode
Other mode

1.246e—044296.61i)/—4.20080e—07
0.3629+200.04i)/1.814134e—03
0.2369+160.59i)/1.47518e—03

0.78961 +296.591)/2.66228e—03
3.52234200.02i)/1.76070e—02
5.3258+160.76i)/3.31107e—02

0.5468 +97.26i)/5.62195e—03
04586 +5.29i)/8.63679e—02
Stable

(

(—

(—
(—0.12854+122.11i)/1.05232e—03
(—

(—

Electric mode-eigenvalue/damping ratios

Electrical-Mode

(—0.0221£191.2))/1.15585e—04

3.4552497.21i)/3.55212e—02
3.2356+5.21i)/5.27575e—01
stable

(—
(—
(—
(—4.21534+121.17i)/3.47672e—02
(—
(—

(—2.16154190.6i)/1.13397e—02

(—1.125894296.58i)/3.79621e—03
(—4.24564+200.01i)/2.12221e—02
(—6.4752+160.74i)/4.02510e—02
(—5.3698 1+ 121.16i)/4.42764e—02
(—4.15924+97.20i)/4.27510e—02
(—4.14785 +5.20i)/6.23580e—01
stable

(—4.26294190.4i)/2.23835e—02

Bold indicates Damping Ratios
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Table 3 Time domain specifications (transient state)

Generators rotor dynamics

Generator Without With solar-PV ~ With BFO-based

angle (8) solar-PV inverter solar-PV inverter
inverter

Settling time (s)  Undefined 3.79 117

%QOvershoot Undefined 14.226% 8.168%

Bold indicates Percentage(%) Overshoot

A thorough time domain analysis of the different
modes has been presented in the eigenvalues [56] in
Table 2. The eigenvalue and damping ratio for the 5th
mode seem unstable, and the electrical mode is margin-
ally stable while the PV-plant is generating power at its
full capacity so the Solar-PV inverter is not available for
power oscillation damping. A considerable improve-
ment in the eigenvalues is observed for the modes once
the Solar-PV inverter is available for oscillation damp-
ing. The eigenvalues continue to improve while the BFO

(2023) 8:15
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is controlling the Solar-PV inverter. The eigenvalues of
the 0—4th modes are observed to be negative and sta-
ble even in the absence of the Solar-PV inverter. Never-
theless, the eigenvalues become more negative and are
improved with the Solar-PV inverter. Further, the eigen-
values continue to improve and become more negative
while the BFO is operating with the Solar-PV inverter. As
the alternators of the multi-machine system are identical
and coherent, and placed in an identical environment,
the dynamic behavior of one of the machines is sufficient
to represent the conditions of the other machines in the
areas of interest.

As presented in Figs. 10, 11, 12, 13, 14 and 15, a
monotonous increase in the oscillations of the rotor angle
and speed (AS, Aw), machine active-reactive powers (AP-
AQ), common point voltage (AV), and torsional modes
have been observed while the PV-plant is in active power
generation and the Solar-PV inverter is not available for
mitigating the oscillations. The oscillations are settled
once the Solar-PV inverter starts working to dampen the
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Fig. 21 Reactive power deviations (AQ)

Table 4 Steady-state eigenvalues

TIME (SEC.)

TIME (SEC.)

Eigenvalue/damping ratios

Torsion-mode Without solar-PV inverter

With solar-PV inverter

With BFO-based solar-PV inverter

5th Mode (—0.46334295.19)/1.60205e—03 (—2.75214295.18i)/9.32305e—03 (—3.32561+295.171)/1.1266e—02
4th Mode (—1.1478 £ 200.68i)/5.71946e—03 (—3.1478 +200.66i)/1.56853e—02 (—4.2164 £ 200.65i)/2.1009e—02
3rd Mode (—2.36954159.51i)/1.48532e—02 (—4.35784+159.50i)/2.73114e—02 (—5.37854159.51i)/3.3699e—02
2nd Mode (—3.14524+124.39i)/2.52769e—02 (—5.7569 4 124.38i)/4.62352e—02 (—6.1982+124.37i)/4.9775e—02
st Mode (—1.1596 4+ 97.26i)/1.19218e—02 (—4.5987 +97.24i)/4.72394e—-02 (—54462497.21i)/5.5937e—02
0th Mode (—1.321545.10i)/2.50832e—01 (—4.163445.09i)/6.33133e—01 (—5.25641+5.08i)/7.1906e—01
Other mode Stable Stable Stable

Electric mode-eigenvalue/damping ratios

Electrical-mode (—0.0756 £+ 191.69i)/3.94386e—04 (—3.26854190.23i)/1.71792e—02 (—5.96344190.21i)/3.13362e—02

Bold indicates Damping Ratios

oscillations. The improvement continues and the sys-
tem gains considerable stability while the BFO optimizer
starts controlling the Solar-PV inverter.

Table 3 portrays the rotor oscillatory parameters in
terms of percentage overshoot and settling time while
the inertial constants of the machines are neglected. The
results reflect that both the parameters of the machines
are unspecified without the Solar-PV inverter because
of the 3-¢ fault, 10% variation in the electromechanical
torque, and 20% variation in the reference voltage. Nev-
ertheless, by applying PV-STATCOM, the deviations are
controlled and later significantly suppressed by deploying
the suggested BFO-based Solar-PV inverter.

5.2 Steady-state stability analysis with natural damping

Variations in the rotor angle and speed (A, Aw),
machine active-reactive powers (AP-AQ), common point
voltage(AV), and torsional modes are shown in Figs. 16,

Table 5 Time domain specifications (Steady state)

Generator rotor dynamics

Generator Without With solar-PV ~ With BFO-based

angle (8) solar-PV inverter solar-PV inverter
inverter

Settling time (s) 5.2 3.02 1.11

%Qvershoot 44.325% 7.665% 3.881%

17, 18, 19, 20 and 21, while the steady-state eigenvalues
are presented in Table 4.

The eigenvalue table reveals the stability of all the
modes in the absence of the Solar-PV inverter, while the
eigenvalues became more negative wit the involvement
of the inverter. The negative amplitudes of the eigenval-
ues continue to grow when the BFO tunes the Solar-PV
inverter control parameters.
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The results presented in Figs. 16, 17, 18, 19, 20 and 21
demonstrate that the deviations in power angle, rotor
speed, active and reactive powers, common point volt-
age, and shaft torsions, are suppressed and alleviated
with the Solar-PV inverter. Once the BFO starts acting
over the Solar-PV inverter controller, the oscillations
are further suppressed and the system becomes more
stabilized. The settling time and overshoot percentage
are presented in Table 5, illustrating that both param-
eters are minimized using the Solar-PV inverter and
attained the least values by deploying the suggested
BFO optimizer on the basic PV-STATCOM controller.
The less negative electric mode eigenvalues and smaller
initial damping ratios reveal poor damping of the sys-
tem, i.e., the system is marginally stable and may lose
synchronism in the absence of the Solar-PV inverter.
Figures 10, 11, 12, 13, 14 and 15 in the transient analy-
sis and Figs. 16, 17, 18, 19, 20 and 21 in the steady-state
analysis also portray and confirm the poor and margin-
ally stable electrical and torsional modes which may be
unstable at any moment when the Solar-PV inverter is
fully absent for the oscillation damping while generat-
ing power. The electrical mode eigenvalues become
considerably negative and the electrical mode damping
is substantially improved once the Solar-PV inverter
starts operating as PV-STATCOM to alleviate and sup-
press the oscillations. The eigenvalues become most
negative and the oscillations are most settled when the
proposed BFO optimizer starts functioning over the
Solar-PV inverter.

6 Conclusion

The outcomes explicitly demonstrate the potential of the
BFO algorithm when deployed on the basic PV-STAT-
COM control in suppressing power oscillations in a two-
area power system. The proposed model is developed in
Matlab to examine the deviations in the machine rotor
angle and speed (A§, Aw), active and reactive powers
(AP-AQ), common point voltage (AV), and shaft torsion.
The examination is performed for different cases, e.g., in
the absence of the Solar-PV inverter, in the presence of
the Solar-PV inverter, and when the suggested BFO-opti-
mizer started controlling the Solar-PV inverter. Natural
damping of the test system is permitted for steady state
analysis, while it was discarded and set to zero for the
transient studies to exhibit worse conditions. This ena-
bles an exact and adequate examination of the suggested
controller’s potential in both states. The eigenvalues for
the machine dynamics in both states for various cases
manifest the merits of the proposed BFO-based Solar-
PV inverter in suppressing the oscillations of the multi-
machine system.
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