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Abstract: Modern power systems consist of power electronics devices, which are used in energy conversion, especially in
renewable energy sources as well as in load side to make the electricity consumption more efficient. However, these devices
and their controllers could bring new challenges to power system stability, especially oscillatory stability. Apart from this, another
challenge associated with renewable energy generation is the uncertainty in their power output. Hence, the integration of battery
energy storage systems (BESSs) is being developed to minimise the uncertainty and variability in renewables. Furthermore, to
tackle the complex dynamics and inertia-less characteristics of wind and solar power plants additional controllers such as power
oscillation damping (POD) control and virtual inertia scheme are sought. Moreover, as the oscillation could originate from
different locations and affect several areas in power system, utilising wide-area signals for damping control is essential.
However, the primary challenges associated with the wide-area oscillation damping controller are signal transmission delay, loss
of communication signal, data drops, and others. A controller that is resilient to all or most of the potential drawbacks is
required. Hence, this paper proposes a resilient wide-area multi-mode controller (MMC) for solving oscillatory stability problems
with high penetration of renewable power generations (RPGs) and BESSs. To get the optimal design with uncertainties, a
contemporary heuristic optimisation technique called bat algorithm (BA) is used here. The practical power system of Java 500
kV Indonesian grid is used to evaluate the performance of the resilient wide-area MMC. From the results, it is found that the
proposed controller effectively damp the critical mode of oscillation in the system. It is also observed that the proposed controller

can tackle the problems of communication failure as well as certain damping controller failures.

1 Introduction

Oscillatory stability or small-signal stability is the subclass of rotor
angle stability and often referred as small-signal angle stability.
This instability problem could emerge due to the lack of the
damping torque in a single or group of synchronous machines.
Traditionally, this instability could emerge due to load changes,
weak interlink, and nappropriately designed controller. Modern
power system will consist of huge amount of renewable power
generation (RPG) such as wind power plants (WPPs) and large-
scale photovoltaic (PV) plants. In order to facilitate remote large-
scale RPG, a large number of high-voltage direct current (HVDC)
links are also expected in future grids along with electric vehicle
(EV) charging stations. The integration of these new and emerging

technologies could affect the rotor angle and frequency stability of

the system due to distinet inertia-less characteristics and
uncertainty in the power output [1-4].

As reported in [5], the integration of EV charging stations may

affect the oscillatory stability margin of the system. The impact of
HVDC on small-signal stability is reported in [6]. The influence of

large-scale PV plants on the small-signal stability is reported in [7].
As reported in [7], the integration of large-scale PV plant may
adversely affect the oscillatory stability of power system due to
zero inertia and reverse power flow. The influence of WPP
penetration on small-signal stability is reported in [8]. Furthermore,
the impact of power output uncertainty of both WPP and PV plants
are reported in [9, 10]. It has been revealed that uncertainty
associated with WPP and PV could affect the oscillatory stability
of the system. To handle the uncertainty in power output of the
RPG, additional devices such as battery energy storage systems
(BESSs) can be utilised.
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As reported in [11], the integration of BESS could enhance the
voltage stability of power systems. It could also be used for
frequency stability enhancement as described in [12]. Furthermore,
the mtegration of BESS may positively affect the oscillatory
stability of power systems as stated in [13]. The variability in
power generation may be compensated by integrating BESS into
power systems. However, without any additional controller, BESS
may muinimally affect the small-signal and frequency stability of
the system. The power oscillation damping (POD) controller can
be used in the BESS for low-frequency oscillation damping.

The application of POD with wide area signals is reported in
[14, 15]. In[14], a wide-area POD is installed in the HVDC system
as an additional controller for damping the oscillation of the host
AC system. In [15], the wide-arca POD is installed in the excitation
systems of the generator to enhance the small-signal stability
performance of power systems. In both cases ([14] and [15]),
numerical studies are performed in the real-time digital simulator
(RTDS).

One of the challenges of wide-area POD integration is the
latency of control input signals. This problems may become worst
if the signal is coming from distant sources. The impact of time
delay or signal latency of the POD is testified in [16]. A fast and
reliable communication system is required for the effective wide-
area POD. Although the existing methods ensure the reliability of
communication to a certain degree, still there is a possibility of
communication failures or disruptions. Hence, designing a
controller that is resilient to communication failure is essential.
Wide-area POD resilient to the communication failure is reported
in [17]. In [17], the resilient wide-area POD is used as additional
controller in voltage source converter HVDC. However, the
implication of control signal loss to actuator or controller failure
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Fig. 1 Dynamic model of BESS

was not considered in [17] and other references given therein.
Hence, it is essential to design the controller that is resilient not
only to signal losses but also to controller failures.

Another problem for such resilient control design is the
mathematical burden due to various distinct characteristics of
different devices and controls in future power system. Hence,
designing the controller using traditional mathematical approach is
not obliging. Hence, the controller design based on the meta-
heuristic algorithm can be utilised to minimise the complexity of
designing the controller, at the same time achieving the best
performance.

The application of meta-heuristic algorithms for solving
complex power system problems are developed very fast over the
past decades [18]. The use of differential evolution algorithm for
designing power system stabiliser and static  synchronous
compensator is reported in [19]. The utilisation of particle swarm
optimisation (PSO) for stochastic optimal operation of microgrid is
stated in [20]. In addition, other swarm optimisation techniques,
such as ant colony system and artificial bee colony, are applied to
solve economic emission dispatch and optimal load flow problems
[21, 22]. Among all proposed methods, the bat algorithm (BA) is
appearing more popular due to simple algorithm and fast
computational process. Hence, this paper aims to design a wide-
area resilient controller using BA algorithm. The main
contributions of this paper can be stated as follows:

1. Design a wide-area resilient MMC considering the integration
of RPG and BESS with the communication or any other
controller failure.

2. Utilisation of the BA algorithm to design a wide-area resilient
MMC to overcome the mathematical burden for designing the
POD controller.

3. Evaluation of the effectiveness of the proposed control in a
representative dynamic model of a realistic power system.

4. Comprehensive ranking of controller performance based on the
new approach.

The rest of the paper is organised as follows: Section 2 provides the
overview of BESS and RPG models. A number of indices for
control performance assessment are described in Section 3. Section
4 briefly explains the mathematical model of MMC structure, BA
algorithm, the control objectives, and the controller design
procedure. Results and discussions are presented in Section 5.
Finally, Section 6 highlights the main contributions and
conclusions of this work.

2 Modelling overview

2

CONVERTER BATTERY

2.1 Battery energy storage system mode/

Apprehending the dynamic behaviour of BESS including
associated controller is essential for oscillatory stability studies.
The dynamic behaviour of BESS for oscillatory stability can be
captured by the model proposed in [23]. This model consists of
three-phase transformer, converter, battery cells, and controllers. In
this study, the transformer is modelled as ideal transformer, while
the battery cell has been modelled as a second-order model.
Furthermore, the converter and the associated controller is
modelled as a first-order model. Fig. 1 shows the dynamic model
of BESS used in this study. The parameters used in this work are
taken from [23].

2.2 Renewable power generation mode/

Large-scale PV and WPP are considered as RPG for this study. The
dynamic model of a large-scale PV developed by North American
Electric Reliability Corporation (NERC) and Western Electricity
Coordination Council (WECC) is used here [24, 25]. The dynamic
model consists of the converter and associated controller dynamics.
The first-order converter model presents the inverter dynamics of
the PV plant. The converter controller comprises of converter
current limiter and the PI controller for reactive power control. The
dynamics of the maximum power point tracking (MPPT) is ignored
as the PV system is considered to be operating at the maximum
power point [26]. Here, the WPP model consists of dynamic
representation of wind turbine, permanent magnet synchronous
generator, rotor, and grid-side converter with the associated
controllers. The complete dynamic model of the WPP used here
can be found in [27] and the references therein.

3 Controller performance ranking

Three different controller performance ranking methods are used
here. The first ranking index is the performance ranking. The
performance ranking index investigates both the ecigenvalue
analysis and time domain simulation to evaluate the controller
performance. The mathematical representation of controller
performance ranking method can be described as [28]:

RPW — M;N[‘:C“HII _ ‘:;Bd-‘r] + wrN[rC\er _ rBau;e]

(n

+FWAN[A MY — AmBee]
In (1), w*,w" and w®” are weighting factors for the damping,
settling time, and overshoot of the rotor speed. The value of
weighting factors are, respectively, 0.4, 0.4, and 0.2. The N
indicates the normalisation of these factors with value ranging from
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Fig. 3 Multi-mode controlier (MMC) struciure

0 to 1 based on all observed values for the different controller
tested. The normalisation factors are used to make all of the
observed values ranging from 0 to 1. The Contr and Base
superscripts indicate the system with controller and base condition
(BC), respectively.

The second controller performance ranking method is used to
assess the robustness. In this ranking method, the controller
performance is assessed by determining how the system performed
with different system conditions. The generation output and
loading conditions are included for assessing this index. This
ranking method can be calculated as [28]:

M
Rmh - ,ullN L pContr _ gBase
o Z(s &) )

+ W N LLontr— Base
£ -

nin Smin

In (2), w*' and w™ are the weighting factor for all condition and
the minimum damping comparison with 0.5 as the value of each
weighting factor. While M indicates the number of operating
conditions and the subscript min related to the operating condition
where the minimum damping enhancement is achieved. The last
performance ranking method is the simplicity ranking. The
mathematical representation of this rank can be described as [28]:

Re;im — WJN[(fCunLr)—l] + w"N[(rc“df)"]

+pr[pCunLr] (3)
In (3). /0" #°4 and p are controller tuning time, number of
code line, and personal score related to the simplicity. The
weighting factors of tuning time, number of code lines, and
personal score are indicated by w', w' and w' with value 0.6, 0.3,
and 0.1 [28]. The other controller performance indices used here
are given in the Appendix.
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4 Controller design
4.1 Wide-area resilient multi-mode controller

The concept of the multi-mode controller (MMC}) is to design
multiple controllers to enhance the damping of a particular critical
mode or weak modes. In this particular design method, if one
controller is not operating correctly, then other controllers can
work as a backup. The controller is resilient to the communication
failure due to the multi-input multi-output structure. Fig. 2
illustrates the structure of the overall power system including
BESS and multi-mode POD controller, while Fig. 3 shows the
delned MMC structure.

As shown in Fig. 3, the given controller oornts of an external
linear controller (ELC) and gain constants. The ELC is installed in
each generator, while the input of the MMC is a combination of the
ELC outputs in each generator scaled by the gain constants.
Furthermore, the output of the resilient controller is a control signal
to the excitation system and BESS outer controller.

Here, the time delay of global signal for BESS and generator
excitation controller has the same value (i.e. 700 ms). In contrast,
the time delay with any local signal to BESS and generator
excitation system is different. The time delay of the local signal for
generator excitation is 10 ms, while the BESS local signal time
delay is 100 ms. The local signal to BESS is from the generator in
a different location within the same area; therefore, higher time
delay (i.e. 100 ms) has been considered. The time delay associated
with control input from the controller to the excitation system is
10 ms, while the delay associated with control input from the
controller to the BESS is modelled as 100 ms. The time delay
model used here is given in the Appendix.

4.2 Bat algorithm

BA was first introduced by Xin She Yang in 2010 [29]. This
algorithm 15 inspired by the behaviour of bats to find food. To find
nest, detecting food, and avoid obstacles in the dark, Bat used some
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kind of sonar signals called an echolocation. Bats are able to fly in
the night (as bats are considered as nocturnal animals) without
crashing with objects by using the echolocation abilities. By
considering the characteristic of bats, the BA can be designed by
using the following [29]:

randomly assigned a frequency which is drawn uniformly from
[f[nil\~.f[nnx] [29].

In each iterations process, the pulse emission (ry) and loudness
(4;) from bats are updated. When bats find the prey, the noise
levels of bats are decreased, while the pulse of the bats are
increased. The value of maximum and minimum noise can be
selected according to the requirement. For the simplicity, the
maximum and minimum value of noise can be set to 1 and 0 by
assuming that when noise level is 0, the bats found their prey and
temporarily stopped emitting sound. Those activity can be
mathematically expressed by (7) and (8) [29]:

The distance, food, and obstacles are determined by using the
echolocation behaviour.

Speed, position, frequency, and loudness are described as v;, x;,
fi» and A It should be noted that bats randomly fly to find food.
Here, frequency represents modulated signals from the sonar
signals of bats. While loudness represents the volume of the

sonar signals. This volume of the signals is varied from loudest A = Al (7
when searching for prey to quitter when homing towards the
s A = il = exp( = 11)] (8)

The loudness level varies from maximum (4g) to minimum
value (Ayip) and the dimension to find the space are indicated by

J In (7) and (8), r; is the pulse emission, and « and y are constants
;i

value of alpha and gamma. For every 0<a <1 and y = 0, the
mathematical representation of the noise level can be described by

Here, x;t and v/ present the new position and velocity of the bats.
Furthermore, the mathematical representation of bat velocity and
position can be calculated using (5) and (6) [29]:

fi= Faint (fos = fusad B “)
Vit =4 (o = x¥) i (5)
At =at+ (6)

In (5), x* represents the optimal location after comparing all the
solutions among all bats in each iteration. Furthermore, f is a
random vector taken from the uniform distribution. Moreover, by
multiplying £ the velocity of the bats is increased. Furthermore,
fonin @nd fi, are applied depending the requirement of the systems
(usually the value of fyin is 0 and fi. 1 100). Initially, each bat is

(9). For simplicity, the value of « and y can be set with the same
value between 0-1 [29]. Here, the parameters of MMC are
determined as the bat's position. Fig. 4 illustrates the flow diagram
of the BA.

(9)

I3 0
A = 0, = rit =~

4.3 Objective function

Here, a multi-objective function is used. The first objective
function is to move the real parts of the eigenvalue to the left half
plane. It can be described as

5= Y lo-ol

ay =

(10)
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Table 1 EM mode of Java grid

Mode Damping Participation of the generator
inter-area 2.07 G3, G5

local 1 9.07 G6

local 2 21 G5

local 3 6.26 G1

local 4 6.25 G2

local 5 26.84 G7, G8

local 6 18.09 G8, G7

In (10), #; and &y are the real parts of the ith mode and the desired
mode location, respectively. The second objective function makes
sure that the critical mode has the damping ratio =5%. The
mathematical representation of the second objective function can
be described as

L= 3 l&-¢r (11)

B

In(11), & and &, are the damping ratio of the ith eigenvalue and the
desired damping value, respectively. The third objective function is
used to make sure that the non-linear response of the system has
the minimum error compared to the steady-state value. This
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objective function measures how high is the overshoot and how
fast the settling time of the system. The mathematical
representation of the third objective function can be calculated
using as in (12):

1
= E[ ) At X) | di (12)

In (12), Awm(t, X) is the oscillatory condition of generator rotor
speed that contributed into the weak modes, X consists of MMC
parameters, while #; is the time frame of the simulation. The rotor
speed signals are used in the objective function. The representation
of the objective function here can be expressed as in (13).

Objective = min (aJ, + bJ> +cJ5) (13)
Subject to:

10 € Ty, Tws £ 20
005 <T, <0.1
002<T.<0.1
003 <T, <0.1
001 <T, <0.1
5< Kaun <20

1 <Kypen <2

50 < K, < 100

(14)

In (13), a, b, and ¢ are the weighting factors in the range of 1-0.
Fig. 5 illustrates the flow diagram for the resilient wide-area MMC
design using BA.

In addition to the objective function, upper and lower limit
bounds given in (13) and (14) are used to get better damping
performance of the systems. As reported in [30], in some cases, the
minimum damping value has to be set up to 7% for achieving
better performance of the systems Furthermore, here, the number
of iterations, number of population, loudness, pulse emission rate,
frequency minimum (fy;,) and maximum (fy.y) of BA are assumed
to be 50, 50, 0.5, 0.6, 0, and 100, respectively.

5 Results and discussions

Several case studies are presented here in an attempt to investigate
the performance of resilient wide-area MMC on the oscillatory
stability of power system considering RPG and BESS. The 500 kV
Java Grid in Indonesia is used as the test system. All the data as
well as the power flow are taken from the Java-Indonesian electric
grid. The generators are modelled into a ninth-order model,
considering an exciter and governor. A modification has been made
to the original system by integrating 300 MW aggregated WPP and
300 MW aggregated PV plant in Area 1 as well as 100 MW BESS
in Area 2 as shown in Fig. 6. The PV plant is modelled into a sixth-
order model, while the WPP is modelled into the eleventh-order
model. Furthermore, BESS is modelled into the fifth-order model.
Hence, the modified system consists of seven synchronous
generators, one aggregated model of PV plant, WPP, and BESS
(the original Java system only consider the conventional
generator). Furthermore, there are 85 state variables in the
maodified system (the state variables of the original Java system are
72).
The WPP and PV plants are assumed to be operated at the
maximum power point. As reported in [31], the Java system has
two critical modes, inter-area and local mode 2. The generator that
contributes to this critical modes are generators at bus 3 and bus 5
(hereafter denoted as G3 and G5). Table 1 shows the
electromechanical (EM) mode damping and generators that
contribute to the particular mode of Java system with RPG and
BESS.

Here, four different scenarios are considered for comparative
assessments. Table 2 illustrates the scenarios that used here. The
PSO technique is used to design POD for Scenario 1. Grey wolf
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Table 2 Different scenarios for simulation study
Number Scenario

1 with traditional POD

2 with resilient wide-area POD in BESS

3 with resilient wide-area MMC in Ga, Gs, and BESS
4

with resilient wide-area MMC based on BA algorithm in
G3, Gs, and BESS (i.e. proposed method)

Magnitude (dB)

10
System; sys ./—/
Fraquency (Hz): 0.204

1] Phase (deg): -4.65 Systern: sys.

_‘—-‘_‘_ﬁ'_‘_‘-'—h-__.___,_ Freguancy (Hz): 1
Phage (deg): 3.17

Phase (deg)

0.2 0.4 0.6 08 1 1214
Fraquency (Hz)
a

Magnitude (dB)

X}

System: sys
0 Frequency (Hz): 1

— Phase (deg). -9.26

System: sys
Frequency (Hz): 0.204 ¥/

Phase (deg): -4.81

Phase (deg)

Frequency (Hz)
b

Fig. 7 Bode plot of Vi/Vr transfer function
fa) Generator 3, (b) Generator 5

Table 3 Damping ratio comparison for resiliency analysis

Case Local 2 Inter-area
normal condition 46.45 94.17
loss of signals 4218 77.26
BESS controller failure 40.23 67.52
G3 controller failure 40.53 52.44
G5 controller failure 27.01 35.44
G3 and G5 controller failure 7.94 24.94

optimiser is used to design the resilient wide-area POD at BESS in
Scenano. For Scenario 3, the modified DE algorithm 1s used. For
the last scenario (i.e. scenario 4), the BA algorithm is used. It
should be noted that for scenarios 1 and 2, the simple Padé
approximation time delay is used, while in the scenarios 3 and 4,
two-stage time delay is used. The controller parameters are given
in the Appendix. To check whether the proposed controller has
achieved the WECC standard regarding the oscillation damping in
power system, bode diagram analysis is performed here.

Figs. 7a and b illustrate the bode diagram of voltage terminal
divided by voltage reference (Vy/V}) transfer function. The phase

angle of Gy and G5 is <= 307 for the frequency range of 0.2 to 1.0
Hz. Hence, it can be stated that the proposed controller could
achieve the WECC standard for oscillation damping.

5.1 Resiliency assessment

To test the efficacy of the proposed control method against the
communication failure and any other controller failure, the
damping performance of the critical mode is investigated. The
global signal is disabled to emulate the loss of control input signal.
Furthermore, to simulate the damping controller failure, the signal
input to the controller is disabled. It should be noted that the
scen'io 4 is used for this study.

Table 3 shows the damping performance of the system under
different cases. It is found that the damping of local mode 2 and
inter-area mode deteriorated under communication and control
failures. When controller failure emerges in BESS, G3, and G35, the
damping performance is smaller than the normal condition. The
worst condition is incurred when control failure emerges at 3 and
G5 locations simultaneously. However, even in the worst condition,
the dampingfatio is relatively high (higher than the threshold
value, 5%). Hence, it can be stated that the proposed controller is
robust enough against the communication signal and control
failure.

5.2 Time delay variation

In this subsection, investigation of the time delay variation on the
system dynamics is performed. The damping ratio is evaluated to
analyse the impact of different time delays in the system dynamics.
Global time delay for controller output is varied from 100 until
J00ms in 100 ms step. Furth re, the local time delay of the
BESS controller output is also varied from 100 to 150 ms in steps
of 10 ms. It should be noted that only scenario 4 is used in this
investigation. Figs. 8a and b shows the inter-area and local mode 2
damping for various time delays.

It is noticeable that the time delay variation has significant
influence on the system dynamic performance as 1nnaled by the
movement of the damping value in Figs. 8a and 4. It is observed
that the damping performance of nter-area e 15 increased when
the time delay is increased. In contrast, the damping performance
of local mode 2 is deteriorated when time delay is mncreased.
However, even with time delay variations, the damping
performance of both mode is still high (above CIGRE standard)
and the system is robust. Furthermore, it is evident that the
correlation between time delay and damping is complex. The
similar conclusion is also reported in [32].

Variation of operating condition

To assess the performance of the proposed controller, ten different
operating conditions are used. Table 4 illustrates the operating
conditions used for colnaller performance assessment.

The damping ratio of the local mode 2 and inter-area mode are
depicted in Table 5. It should be noted that the BC is referred lcne
maodified system for which the proposed controller is designed. It is
found that the damping performance of the local mode is above the
minimum (5%) standard under different operfn1g conditions.
Similar trends are observed for inter-area mode. Hence, it can be
stated that the system with proposed controller is robust enough
against different operating conditions.

5.4 System performance assessment and ranking

In this section, the system performance is assessed by using the
control method criterion (given in the Appendix). To assess IAE,
ISE, and ITAE, the rotor speed of the generator that contribute to
the critical mode is used. The minimum the values of IAE, ISE,
and ITAE indicate the better performance of the system. Table 6
shows the system performance assessment comparison on different
scenarios. It is found that among all the performance assessment
criterion, the scenario 4 (proposed controller) provides the best
results.
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Table 4 Operating conditions for Java system
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=
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g
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60 - 120
Damping (%) 40 100

Local time delay {ms)

Operating Changed system topologies from base case

condition

oc1 utput is 991.35 MW and load demand in bus 9 and 10 are 217.125 MW and 410.625 MW

0Ccz Gg output is 711 MW and load demand in bus 17 and 21 are 329.625 MW and 149.625 MW

0C3 Gs output is 675 MW and load demand in bus 19 is 635 MW

0Cc4 Gg output is 675 MW and | lemand in bus 19, 23 and 24 are 539 MW, 529.125 MW and 777.75 MW

oCcs G4 output is 1605.8 MW and load demand in bus 18 and 25 are 499 MW and 396 MW

0Ce Gy output is 1540 MW and load demand in bus 14 and 12 are 1249 MW and 733.7 MW

oc7 Load demand in bus 15, 16, 17 and 21 are 1296 MW, 536.6 MW, 329.6 MW and 149.6 MW

(o]0t} Load demand in bus 11, 13, 20 and 22 are 915 MW, 810 MW, 384 MW and 227.3 MW

0C8 Load demand in bus 11, 12, 13, 14, 15, 16, 17, 18, 20, 21, 22 and 25 are 865, 683, 760, 1099, 1146, 486, 279, 449 , 334,
149.5, 227, and 396 MW

oCc10 G1, Gz and Gj output are 1605.8, 1540, and 711 MW

Table 5 Damping ratio at different operating conditions

Operating condition Local 2 Inter area

BC 46.45 94.17

oc1 33.50 77.78

oc2 38.57 72.37

oc3 37.10 81.04

oc4 37.12 80.66

ocs 40.86 74.98

océ 40.99 75.33

oc7 40.56 77.73

ocs 40.74 75.37

ocse 40.89 74.98
0c10 42.89 78.07
BC = Base case.

Table 6 System performance assessment

Index Scenario 1 Scenario 2 Scenario 3 Scenario 4
IAE 3.314x1075 4.88x1075 1.33x 1079 5.96 %1076
ISE 2.04x 10710 287 %1070 6.72x 1071 1.21x 1071
ITAE 1.53%1074 2.9x1074 4.24 %1075 2.32%107%

To rank the controller performance the method given in Section
3 is used. Fig. 9 illustrates the controller performance and ranking
for various scenarios. It is found that the proposed control method
(scenario 4) is superior in performance enhancement and the
robustness.

5.5 Comparative assessment

The damping ratio of the EM mode is used to investigate the
performance of the proposed controller compared to other
controllers. Table 7 illustrates the comparison of the damping ratio
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of the critical modes in all four scenarios. It is observed that the
best damping performance is achieved by Scenario 4.

To validate the damping performance analysis, time domain
simulations are also performed. A large perturbation is made in the
system by a line outage between bus 17 and bus 9 to observe the
oscillatory condition of the system. All of the scenarios are
performed in the same operating and loading condition. The rotor
speed of G3 and G5 are plotted as they contributed to the inter-area
mode and local mode 2. Fig. 10a illustrates the rotor speed
responses of G3, while Fig. 10b shows the G5 rotor speed
responses. It is found that the best response is provided by scenario

7




4 (proposed controller) as indicated by the smallest overshoot and
fastest settling time.

5.6 Comparison with other meta-heuristic methods

In this section, different meta-heuristic methods are compared for
resilient wide-area-based MMC design. The comparison among the
PSO, differential evolution algorithm (DEA), grey wolfl optimiser
(GWO), and BA (BA) has been made here. The objective functions
for these three algorithms are the same as in (13). Fig. 11 shows the
rotor speed responses of G3 under different heuristic approaches.
From Fig. 11, it is found that in terms of time domain simulation,
PSO, DEA, GWO, and BA give similar results. However, by using
BA, it is found that the response is slightly improved in terms of
overshoot. BA provides less overshoot than PSO, DEA, and GWO.

Fig. 12 illustrates the execution time of PSO, DEA, and BA for
resilient wide-area MMC design using (13) as the objective
function. It is found that BA provides fastest execution time
compared to PSO, DEA, and GWO. This execution time is

1 i Performance i
Scenario 4
————— Scenario 3
0.8 — — - Scenario 2
ssees Seenario 1
0.6
0.4} A
N
AN
A '\_
0.2F o
AR
N
N
O 0 NN
-1 0.5 0 0.5 1
Simplicity Robustness

Fig. 9 Controller ranking

Table 7 Damping performance at different scenarios

expected to increase with the size and complexity of in the system.
Hence, by using BA, the execution time can be reduced.

6 Conclusions

To deal with the communication and control failures in a wide-area
control for oscillation damping, this paper proposed a BA-based
resilient wide-area MMC for BESS and synchronous generators.
Detailed simulation studies are conducted in a representative
dynamic model of Java 500kV transmission system. The
communication and controller failures are both tested here. Based
on the numerical analysis it is apparent that the proposed resilient
wide-area MMC can maintain the satisfactory damping under
communication channel or controller failure. Moreover, the
proposed controller has advantages over other POD controllers in
terms of IAE, ISE, and ITAE. In a word, the BA-based resilient
wide-area MMC can achieve a satisfactory damping performance
even though the operating conditions vary significantly or severe
communication and control failures occurred in the system.
Moreover, the execution time for BA-based wide-area control
design is lower than the other meta-heuristic algorithms. Finally,
the significant novelties of this paper with other works can be
summarised as:

a. Both the communication and controller failure are considered
in this work.

b.  The local and global time delays are used for the analysis.
Moreover, the time delays to and from the controller are also
used for the controller design.

c.  The BA with multi-objective function is used for the
controller design.

d.  The utilisation of multi-mode POD controller integrated into
the exciter of the generator and BESS has been
demonstrated.
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9 Appendix

9.1 Industry standard related to oscillation damping

The damping ratio of the mode is used to investigate how fast the
oscillation can be damped. Based on the International Council on
Large Electric Systems (CIGRE), the minimum damping ratio
allowed the power systems is in the range of 3-5% [33]. However,




Table 8 Control parameters

Scenario Controller value
1 Kpod =250 pu, Tw=0.1215 s, T1 =0.00893 s, T2=0.0203
5
2 Kqi=Ko=70 pu, Khtw =5, KApe=1.462, T1=0.05s, To=
0.02s, T3=0.03s, T4=0.015, Tw2=10s, TW3=10s

3 K1 =Kz=40 pu, KAw =10.97, KApe=1.567, T1=0.06 s,

T»=0.05s, T3=0.06s, T4=0.08s, Tw2=15.955s, TW3
=13.667s
4 K1=90.95 pu, K1 =90.07 pu, KAw =19.999, KApe =

1.991, Ty = 0.0754 5, T, =0.0987 5, T3=0.0998 s, Ty =
015 Tw2=19.996s, TW3=19.942 s

without the loss of generality we choose the highest value, 5%,
here. Hence, any mode with damping ratio lower than 5% is
classified here as the critical mode. Therefore, it is important to
design the oscillation damping that could achieve this standard.
Furthermore, synthesising the oscillation damping control itself has
another standard that need to be fulfilled.

The WECC has reported a standard regarding the oscillation
damping in power systems. It has been stated that the oscillation
damping shall be set to provide the measured, simulated or
calculated compensated transfer function of voltage terminal
divided by voltage reference (V/V,) in the frequency domain of the
excitation system such that the phase angle should not exceed +30°
for the frequency range from 0.2 to 1 Hz [34].

9.2 Measuring the control systems performance

Indices are used to measure the control system performance against

disturbances. Integral of absolute error (IAE) and integral of

squared error (ISE) are the typical indices for assessing the system
performance. Furthermore, more comprehensive indices as a
function of time are developed. Integral time absolute error (ITAE)
is the performance indices that consider time in the calculation.

Here, IAE, ISE, and ITAE are used to assess the system
performance. The mathematical representation of IAE, ISE and
ITAE can be described as [35]:

lime
IAE:f le(t)| dt (15)
[
bme
ISE = f (e(t)Y dt (16)
0
lime
.’TAE:/ tle(t)| dt (17)
1]

9.3 Time delay model

To capture the time delay for the dynamic simulation a two-step
time delay model is used. A two-step time delay can be modelled
for the signal delay coming from the input and the output of the
network [36]. To capture the communication delay of the network,
Padé approximation approach is used. The transfer function to
represent the Pad¢é approximation time delay can be described as
[37]:

et L= Kis Kx' + - £ K"
L+ Kis+ K8+ - + K"

(18)

In (18), Ky, K, ..., K, are the constant coefTicients and n is the
order of approximation. As reported in [37], the dynamic
behaviours of the first-order and the second-order time delays are
similar. Hence, the first-order Padé approximation is considered to
be sufficient to represent the latency in power systems.

9.4 Controller value

Table 8 illustrates the controller value used here.
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