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ABSTRACT Conventional centralized and distributed structures for secondary frequency control (SFC) in
an islanded microgrid rely on communications. However, this may degrade the reliability of the system if
communication delays or failures occur. As a potential alternative, several decentralized integral controls
have emerged for SFC of islanded microgrids; however, these methods are limited by their inability to
account for the unknown biased errors of real systems, which can accumulate in the controller of each
generator causing clock drift and fighting among the generators. To overcome these issues, this paper
proposes a novel SFC method for diesel generators in an islanded microgrid. With the proposed method,
the frequency can be maintained at almost the nominal value by “frequency reference compensation control
(FRCC)” with only local measurements that do not require telecommunications. Therefore, this approach
prevents catastrophic circumstances due to communication failures and delays in islanded microgrids. The
proposed controller has improved robustness against unknown biased errors, thus mitigating fighting among
multiple diesel generators. To ensure system stability, small-signal stability analyses and common quadratic
Lyapunov method were conducted with switched state-space modeling. The small-signal stability analyses
show that the proposed method shifts the unstable eigenvalue at the critical point of the system matrix to the
negative real part, ensuring the system is asymptotically stable. Control parameters are achieved via heuristic
optimization called particle swarm optimization (PSO). Hardware in the loop simulations were performed
to verify the feasibility of the proposed control method.

INDEX TERMS Clock drift, decentralized control, islanded microgrids, secondary frequency control,
switched state-space modeling.

I. INTRODUCTION

Power systems require stable and reliable frequency control
for optimal operation. Especially in an islanded microgrid,
where the system frequency relies on a few diesel generators
with low inertia, the frequency can fluctuate significantly and
more frequently compared to conventional power systems.

The associate editor coordinating the review of this manuscript and
approving it for publication was Yifan Zhou.

Furthermore, increasing the integration of renewable gener-
ators magnifies the seriousness of these frequency fluctua-
tions. To achieve greater control over the frequency, a hier-
archical control architecture for diesel generators is typically
adopted in islanded microgrids, leveraging different time con-
stants to cover both fast and slow dynamics [1], [2], [3].
Generally, hierarchical frequency control in microgrids
involves primary and secondary controls [1]. The primary
control is used to respond instantaneously to frequency
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variations, to resume operation based on reference values
and enable active power sharing among generators. Among
several control methods, droop control has been widely used
as the primary control to regulate the frequency of multiple
diesel generators in islanded microgrids [4], [5]. This control
method stably shares the load between diesel generators by
intentionally dropping the frequency reference in propor-
tion to the increase in load. However, even if the frequency
remains stable within a certain range, frequency deviation
is inevitably induced as a result of the droop mechanism.
To eliminate frequency deviation, an additional or ‘‘sec-
ondary” control method is required to restore the frequency
to its nominal value [2].

For secondary control of the frequency, a centralized con-
trol structure, the microgrid central controller (MGCC), has
been studied as a potential solution; this controller readjusts
the load reference of diesel generators and restores the fre-
quency to a nominal value [6], [7]. However, this structure
requires additional equipment and may be exposed to a single
point of failure risk, which can lead to system collapse [8],
[9]. Even for more minor infractions, these issues can lead
to degradation and/or failure of the system dynamics, which
is not acceptable for systems where power quality is very
important [10], [11]. Furthermore, cyber-layer attacks, such
as denial of service (DoS), false data injection and replay
attacks, can also cause physical-layer attacks, ultimately
resulting in system collapse [12].

To overcome the issues associated with MGCCs, dis-
tributed and decentralized controls have been proposed.
Distributed controls normally use consensus algorithms
that communicate only with adjacent units to exchange
signals [13], [14], [15]. With this approach, each unit
communicates repeatedly with adjacent units until they con-
verge. Therefore, this method can still be applied even if
a communication failure occurs at some point. However,
distributed control still requires complex analytical processes
and remains vulnerable to severe communication failures,
DoS, data dropout, time delays, false data injection, and
measurement errors [15].

Although several methods have been proposed to address
these problems [16], [17], [18], [19], [20], [21], [22], the
attack models in each paper are assumed bounded, energy
limited, or periodic signals. The [16] assumes that the time
delay in the measurement device is bounded, meaning packets
delayed beyond this limit are dropped. The maximum allow-
able delay in [16] is set to twice the sampling period, making
the control unstable if delays exceed this threshold (~few
milliseconds) due to time source degradation attack, packet
content manipulation attack, replay attack, and etc [23].

In [17], the DoS attack model is characterized by the lower
and the upper bounds of sleep and active durations respec-
tively while the DoS attack model in [18], [19], [20], and [21]
are characterized by DoS frequency and duration. The [22] is
also characterized by DoS duration with assumption that DoS
attacks are energy-limited. Thus, if the DoS attack periods
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exceed the controller’s affected period, the controller will
be impacted by DoS attacks [21]. Historically, the primary
obstacle to releasing the full potential of DoS attacks was
the lack of resources available to attackers. However, with
amplification-based DoS attacks in play, lack of resources
can be overcome by using these types of attacks [24]. Con-
sequently, the distributed control in [17], [18], [19], [20],
[21], and [22], which assume bounded or energy-limited DoS
attack models and validate performance under limited condi-
tions, are vulnerable to modern intelligent DoS attackers.

As alternatives, decentralized integral control methods
have been proposed for frequency regulation without the
need for telecommunications [25], [26], [27]. Several decen-
tralized control methods, such as pure integral control and
linear quadratic regulator-based solutions [25], integral con-
trol with load change detection and a timing unit [26], and
adaptive control with a power derivative term supplemented
with droop control [27], have been proposed.

Although it is theoretically viable to apply such control
methods to multiple generators, implementation is not practi-
cal for real power systems, due to unknown biased errors such
as measurement and analog-to-digital (ADC) errors in the
microcontroller. Even slight measurement errors can cause
clock drift instability resulting in fighting among multiple
generators [28], [29]. In other words, the generators swing
back and forth until the reverse power relay of the unit, or the
under-frequency relay actuates likely due to overgeneration.
This phenomenon is discussed in detail in [30]. We fur-
ther demonstrate why these decentralized methods cannot be
implemented practically and show this phenomenon by con-
troller hardware in the loop simulation (CHILS) in Section V.

To prevent clock drift between frequency controllers,
[30] proposed a robust secondary frequency control (SFC)
method. This method prevents clock drift even when there are
unknown biased errors caused by the leaky integral controller.
However, while this control successfully prevents clock drift,
it results in a relatively large offset error in steady-state
frequency, regardless of the occurrence of unknown biased
errors [30]. Additionally, the offset error varies among oper-
ating points. Therefore, the large offset error induced by leaky
integral control poses practical limitations in terms of restor-
ing frequency in real power systems. In [31], a small-AC
signal injection method has been proposed for grid-forming
inverters, employing fourth order harmonic signals of the
base frequency to address transient real power sharing mis-
matches caused by disturbances or noises in secondary PI
control. However, intentionally generated fourth order har-
monic signals may result in the malfunction of protective
relays due to their operating principles [32].

This paper presents a novel decentralized SFC for mul-
tiple diesel generators, which restores frequency almost to
the nominal value and achieves accurate power sharing
between generators without clock drift. To eliminate fre-
quency mismatch from primary control and prevent clock
drift, a novel compensating method without any harmonic
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signals is proposed for the conventional integration process
applied during SFC. The main contributions of this article are
listed as follows.

Primary Frequency Control
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FIGURE 1. General schematic diagram of the primary and secondary
frequency control loops for diesel generators.

1) The development of a novel frequency reference com-
pensation method for decentralized SFC with only local
measurement could properly handle the unknown measure-
ment errors without clock drift while parallel operation of
grid forming diesel generators.

2) To rigorously verify the system stability, this study
employs small-signal stability analyses and the common
quadratic Lyapunov method. These analyses are conducted
with the formulation of switched state-space modeling of the
proposed control, providing comprehensive insights into the
stability characteristics of the proposed control system.

3) The heuristic optimization-based control parameter set-
ting is adopted to achieve the optimal control parameters by
minimizing the trace of the arbitrary positive definite matrix
closely associated with system stability, thereby enhancing
the overall control effectiveness.

The remainder of this paper is organized as follows. The
analysis of the hierarchical control architecture is introduced
in Section II. Section III describes the proposed secondary
frequency controller. Section IV discusses the stability anal-
yses in terms of switched state-space modeling with common
quadratic Lyapunov function (CQLF) and the control param-
eter settings using particle swarm optimization which is
heuristic optimization. Section V describes CHILS software
simulation with Novacor which is a real-time digital sim-
ulator (RTDS), to verify the feasibility of the proposed
method based on a real power system on Geocha Island in
South Korea. Conclusions are presented in Section VI.

Il. ANALYSIS OF THE HIERARCHICAL CONTROL
ARCHITECTURE

Fig. 1 shows a general schematic diagram of the PFC in [33]
and SFC loops in [26] for diesel generators when the mea-
sured system frequency, wyy, deviates from the nominal
frequency wg. Note that the structure of the PFC and SFC are
fully separated in the time response. The wyy; corresponds
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to the rotational frequency of the rotor. g is the inherent
unknown biased error when wyys is measured at the kth
generator. The wf is the frequency reference, and Awy is the
difference between the reference and measured frequencies,
including the measurement errors of generator k. The my
is the droop coefficient, Py is the mechanical power, T
and 7. are the valve actuator and engine time constant of
the generator k, respectively.

A. OVERVIEW OF GOVERNOR CONTROL OF THE DIESEL
GENERATOR

In case of a mismatch between the total mechanical power
and load power, the frequency changes according to the swing
equation, expressed as follows:

(Z APy — APL), ey

Aa)sys - Meq s+D
where M.q is the equivalent inertia constant, D is the load
damping coefficient, APy is the mechanical power change of
the kth generator, n is the number of generators, APy, is the
load change, ‘s’ is the Laplace operator for frequency domain
and Awyys is the system frequency change [34].

When Awyy changes, the input of each governor, Awy,
changes in the opposite direction, as expressed by

(@sys + €K)- 2)

The Awy instantaneously changes the mechanical power
of the generator output Py by the proportional and integral
(PD) control passing through the valve actuator and engine.
The transfer function is expressed as

Awy = wf —

k .
(@f — woys — e)(k1p + %)(

) =Py,

(€)

where k1, and ky; are the PI gains of the primary frequency
control (PFC). This process balances the power in the steady
state and allows for frequency regulation according to the
frequency reference.

1+ sty X 1+ 5Tek

B. PRIMARY FREQUENCY CONTROL WITH
MEASUREMENT ERROR

Active power sharing is necessary while ensuring power
balance, such that the generators share loads proportional to
their rated power. Primary frequency droop control can satisfy
active power sharing by readjusting the frequency reference
as follows:

a)z = wy — my Py. “4)

Therefore, PFC adjusts the w,’f in relation to Py, and the
governor regulates wys according to wy via PI control. Thus,
o} and wsys converge differently from the nominal frequency
due to the droop mechanism in (4).

Primary droop control is fast and easy to implement;
however, it has the major drawback of potential frequency
deviation due to the droop mechanism. Thus, SFC is neces-
sary to restore the frequency to its nominal value.
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FIGURE 2. Waveforms of frequency reference o}, the term of SFC 5P, and
the active power AP of two generators during tl!n(e frequency restoration
process of SIFC with unknown measurement errors.

C. SECONDARY FREQUENCY CONTROL WITH
ACCMULATED EEROR

SFC is necessary to eliminate the frequency deviation orig-
inating from the primary droop control. Implementing SFC
transforms the frequency reference equation as follows:

wf = wy — mg P + oy, %)

where Swy, is the frequency restoration term provided by the
SFC. Various studies have proposed decentralized secondary
integral frequency control (SIFC) to determine wy and mini-
mize the risk of telecommunication delays and cyber-physical
attacks [25], [26], [27]. These studies adopted the integral
control method to determine Swy for eliminating the fre-
quency deviation, as follows:

t
Swn(t) = ki / (w00 — (1)) dr, ©)
0

where ky; is the integral gain of the SIFC.

Fig. 2 depicts the sketch waveforms of the w*, §P, and
AP of generators 1 and 2 (GEN;| and GENj) during the
frequency restoration process considering unknown biased
error (w; and wy). Initially, wsys and w* are assumed to be
equal to wp, and only the primary droop control is applied.
Subsequently, the step load increases at t = #1, and wsys
is decreased according to (1). SFC is applied at r = 1, to
observe the clock drift phenomenon of the active power of
the two generators. From 1 = 3, wgys and o* recover up to
wo, whereas the §P and AP of GEN; and GENj; increase or
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decrease in opposite directions. Fig. 3 shows the trends of the
operating points with respect to the P-wcurve to effectively
demonstrate the changes after SIFC is applied to the two
generators. To evaluate the clock drift phenomenon after
applying SFC, P; and P, are assumed to be equal, and only
PFC with the wy,; which is the converged frequency reference
only after the PFC and measurement noises (¢; and ¢;) are
considered.

— GEN, & GEN,at7, — Idealat,
""" GEN, at 7,

--=- GEN, at 1,

FIGURE 3. P-w curve operating points of two generators during SFC with
(a) the expected ideal case and (b) the SIFC method.

Fig. 3(a) shows the expected results when the SFC operates
as intended. The figure shows that @} and w3 converge near
wp with minimal difference proportional to noises, and P
and P, converge to similar operating point. However, with
the SIFC method shown in Fig. 3(b), although ] and wj
converge near g, perfect convergence to wy is difficult to
achieve due to unknown biased errors. Thus, Sw| increases
cumulatively owing to the mismatch between w} and wy.
Conversely, the governor of generator 1 reduces P owing to
the negative value of Aw; derived from (2), and § P1 decreases
as well. @] can converge to a specific point near wy owing to
the zero-sum between the increasing term from the product
of my and P; and the decreasing term from (6), whose §P
and AP are shown in Fig. 2. The same process applies to
GEN; but in the opposite direction. Thus, although o}, @},
and wyy, appear to converge without problems, Py decreases
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FIGURE 4. Schematic diagram of the proposed frequency reference
compensation control.

until the reverse power relay is tripped, while P, increases
until the overcurrent relay is tripped. Hence, unknown biased
errors cause instability in the system due to clock drift, i.e.,
generator fighting occurs [30], [31].

To prevent such issues, generators must have the same
settings to eliminate biased errors [34]. However, in an actual
power system, regardless of how many attempts are made to
set the control parameters to be identical, achieving perfectly
identical frequency settings is virtually impossible. Measure-
ment errors are inevitable in any frequency measurement
method [35]. Moreover, devices of the same model and mea-
suring points may still yield different values. Furthermore,
errors can occur in the ADC converters of microcontrollers,
such as gain and offset errors. Therefore, frequency errors
between the reference and measurement in two or more
governors cannot be perfectly controlled without eliminating
measurement or microcontroller errors.

Ill. FREQUENCY REFERENCE COMPENSATION CONTROL

This section presents the proposed novel SFC method for
preventing clock drift. First, the conditions that lead to clock
drift were identified. Clock drift occurs when the frequency
derivative dwyyy/dt is approximately zero, resulting in an
increase or decrease in the mechanical power derivative
dPi/dt. A constant frequency implies that power balance is
achieved based on the time-domain form of (1), expressed as

Sys
—_— = AP;, — APr — DAwgys). 7/
dr Meq( E k 1 A)S) ( )

Although power balance is achieved, some generators tend
to exhibit an increasing change in power (due to larger Awy);
conversely, other generators exhibit a decreasing change in
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power with an opposite trend owing to the inherent biased
errors & among generators with different values, as shown in
Fig. 3. The equation is transformed by substituting (2) into (3)
and converting the equation into the s” domain.

1 1
(Awy)(skip + kli)(l e )(1 n srek) =sPr.  (8)

Because clock drift occurs when dwgy,/dt is zero, the sk
term can be ignored, and Awy becomes proportional to sPy,
i.e, dPy/dt in time domain, derived from (8). Therefore, Awy
should converge to zero to regulate frequency without clock
drift.

To achieve this, this study proposes a frequency reference
compensation control (FRCC) method for the SFC, as shown
in Fig. 4, which can be expressed as

t

Sap(t) = kZi/ (w0 — W{(T) + weompk (7)) dT. (9)
0

In the conventional SFC term of (6), the proposed com-
pensation term, wcompk, is added and restores wj in (5).
Considering that Awy is proportional to dPi/dt, wcompk
should have the opposite sign of dP/dt and is integrated
from (9) to make Aw; in (8) zero. Thus, the proposed

compensation term wcompk 18 derived as follows:

ke 1 dP;
s 1+s7 dt’

Weompk = — (10)

dPy/dt passes through a low-pass filter, which smooths
out rapid and frequent changes in the time constant 7;. o}
is adjusted through compensation and integration, such that
Awy approaches zero. The value of wcompr is derived as the
negative integral of the low-pass filter output multiplied by
the constant k.. Note that this parameter should be sufficiently
small to prevent the frequency reference from deviating too
far from the nominal value, which could negatively affect
control stability.

To prevent the controller from undergoing frequent
changes, wcompk readjusts the frequency reference w; under
the following conditions:

1, 4en - pB
S (11)

o(t) =
() 0, T>DBth

where DBy, is the threshold of the deadband, and o (t) is
the control signal that determines whether the FRCC should
be activated. When the signal o(t) is equal to 1 at the kth
generator, the values of wcompk are adjusted according to (10).
weompk decreases when the mechanical power increases at
the kth generator. Conversely, wcompx increases when the
mechanical power decreases.

Through the condition in (11), the deadband allows the
controller to operate only when the frequency derivative is
sufficiently small to determine whether power balance is
achieved. However, the FRCC can be activated even when
dwyyg/dt is momentarily zero during the transient response of
governor control. This can result in a relatively large wcompk
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FIGURE 5. Sketch waveforms of frequency reference wj, the term of SIFC
3P and the active power AP of two generators during frequency
restoration process of proposed frequency reference compensation
methods with unknown measurement errors.

due to the large dP,/dt, causing w; to deviate from the
nominal value. To prevent this, a pick-up and drop-out (p/u
& d/o) timer is implemented in Stage (11). This renders o (t)
equal to 1 only when the condition in (11) is satisfied for
longer than a preset time interval.

Via the proposed SFC, wcompr compensates for g such
that the accumulated error is eliminated. Accordingly, wj
converges to wyys + &k, and wy+weompk - In other words, the
sum of the input variables of the governor (a);: — Wyys— k)
in (2) and inner part of the SFC (wp — @} +®@compk) in (9)
is equal to zero. Therefore, clock drift is prevented in the
governors of the generators, and the frequency is controlled
close to a nominal value.

As shown in Fig. 5, the SIFC reduces § P and AP between
1> and t3. The proposed FRCC is activated when the condition
in (11) is satisfied (t = f3), causing the §P; and AP; to
increase and finally converge. Therefore, as shown in Fig. 6,
the operating points of the two generators at t = 4 converge
with minimal mismatch proportional to &; and &>, and w]
and w3 approach wp. This mismatch is negligible because
the unknown biased error is bounded and sufficiently small
to minimize the mismatch in an actual setting [36], [37].
Notably, even the expected ideal case has a mismatch between
P and P3, as shown in Fig. 3(a).

IV. FREQUENCY REFERENCE COMPENSATION CONTROL

This section compares the stability of the SIFC in [25], [26],
and [27] with that of the proposed FRCC via switched state-
space modeling. The generator parameters were selected
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FIGURE 6. P-w curve operating points of two generators during proposed
FRCC method.

TABLE 1. Control and model parameters of two diesel generators.

Type Parameter Symbol Value Units
Inertia coefficient M, M, 3.174,5 S
Load-damping
coefficient b 0.01 ]
LPF cutoff T, Tel, 0.05, 0.5, s
Diesel frequency T2, T2 0.1,1.0
generator Droop coefficients my,m 0.02,0.015 Hz/kW
Primary PI gains ki, ki 6.7,3.2 -, /s
 Secondary ko 1.0 1/s
integrator gain
Deadband
threshold DBy +0.0025 )
Proposed LPF cutoff 176
control frequency b : §
Integral gain ke 0.5 1/s

from Table 1 to verify the stability of the generators. The
design of the proposed control parameters is discussed to
ensure the accuracy of the proposed model.

A. STATE-SPACE MODELING OF FREQUENCY CONTROL
OF GENERATORS

The transfer function of the general frequency control struc-
ture in generator k can be expressed as (3). To simplify the
calculation, the denominators are removed and expressed as
small-signal terms.

(Awy — Awsys — Aer)(skp + k1)

= s{(":vk‘lf'ek)s2
+ (Tvk + Ter)s + 1} APy, (12)

where Awj is defined in (5) and (6). Note that Awcompk is
considered only in the proposed method. To analyze the
dynamics of the state variables, including wyys and Py, the
Laplace equation given in (12) is transformed into the time
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domain, yielding

APy = {—(tvk + Tek) AP — APy
Tvk Tek
+ kpp(Awp — Awgys—ér) +Hki(Awy — Awgys—ex)}.
GEN, GEN,
150 [kVA] 200 [kVA]
Static Static
Switch Switch
ACSR 58mm? ACSR 58mm?® 1.0km
0.2km ACSR 95mm? 0.6km
Load 1

206W ACSR 58mm? Load 4 ACSR 58mm? 0.9km

SkW 2
0.2km ACSR 95mm? 1.0km

Load 5 2

Load 2 ACSR 58mm? A0KW csousiixlnm
15kW 0-8km -
. . ESS2
/ ACSR 58mm’ ACSR 58mm

Lond 3 0.6km 0.3km

35KW D¢
AC
Load 6
S0KW 9OKW S0KW
150KW/150kWh 150KW/150kWh

FIGURE 7. Overall schematic diagram of a real power system in Geocha
Island, South Korea.

The differential equation in (13) is derived individually
for each generator; these equations, including (7), can be
expressed as a state-space equation.

AX = Agen AX + Bgep Au, (14)

where A, is the system matrix, Bg,, is the input matrix,
AX is the state vector, AX is the derivative of Ax, and Au
denotes uncontrollable input vectors, such as loads and errors.
The system is stable if and only if all real parts of the
eigenvalues of Ay, are less than zero. In this study, the
state-space equations of the two generators in Fig. 7 with
the parameters in Table 1 were applied, where AX = [Awyys,
Awrert, APy, APy, APy, Apery APy, APy, AP]T, and Au
= [AP, Ae, A&]T.

Here, state variables AP1 and Af’l and AP2 and Af’z are
the first and second derivatives of the mechanical power of
generators 1 and 2, respectively. A comprehensive explana-
tion of these matrices is provided in the Appendix.

The eigenvalues of the system matrix are represented as
a root-locus plot in Fig. 8, representing the eigenvalues of
the SIFC system without the proposed compensation. The
figure shows that the real parts of the eigenvalues are on the
negative side and zero. Even if the real parts of all eigenvalues
of the system are less than or equal to zero, one eigenvalue at
the critical point cannot ensure system stability. Participation
factors (p;;) can be introduced, as in [38], to analyze the state
variables correlating with the eigenvalue at the critical point

|wi| |vi

=", (15)
SN (wielveh)

Pij
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FIGURE 8. Root-locus plot of the eigenvalues of the conventional system
matrix.

TABLE 2. Grid model parameters.

Type Parameter Symbol Value Units
Diesel generator Statel,
Capacity S 150, 200 kVA
ESS Capacity 1; ratel, 100, 100 kW
Generators - L fad
Active power of P, 3434 W
ESS Peso i
ESS inner current o
loop of PI gains Y T 0.2, 0.30675
Line ACSR 58 mm’ 0.497+j0.438 Q/km
Impedance| AR 95 mm? 0.304+j0.420 | Q/km

where the ith state and jth eigenvalue are associated with
the left (w;;) and right eigenvectors (v;;), respectively [38].
A higher participation factor implies a stronger correlation
between the corresponding eigenvalue and state [39]. The
participation factors corresponding to the eigenvalues at the
critical point are as follows:

Pijj=0) = [O01x2 0.5 01x3 0.5 O1x2 , (16)

where Qx> is the zero matrix comprising one row and
two columns. These participation factor values indicate that
only state variables AP; and AP, are correlated with the
eigenvalue at the critical point. Thus, excluding AP; and
AP, the state variables in Ax were asymptotically stable.

B. STABILITY ANALYSIS OF THE PROPOSED CONTROLLER
WITH EIGENVALUES
The pole at zero in the SIFC should be shifted to the negative
side to ensure system stability. The pole at zero was relocated
to the negative side by applying the frequency reference
compensation through the proposed control, as shown in
Fig. 9. The proposed control equation given in (10) can be
transformed into the following differential equation:
) ke 1
WDcompk = —— AP, — _Aa)compk~ (17
T T
The state-space model of the proposed controller must be
modeled as a switched linear system because it has two states
(active/inactive). It operates only under specific conditions
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FIGURE 9. Root-locus plot of the eigenvalues of the conventional system
matrix.

given by (11). The state-space equation of the proposed con-
troller is as follows:

X=As0 X+Bsp-U (18)

where X is the state vector, the same as AX, including
[Awcompt chompz]T, U is the uncontrollable input matrix,
the same as Au, A, ;) is the switched system matrix, and By (1)
is the switched input matrix that depends on the parameters
of o(t). When o (t) is equal to 0, it corresponds to the system
shown in (14), denoted as A ()—0, the same as Ag,,. Con-
versely, when o () is equal to 1, it corresponds to the proposed
control system shown in Fig. 4; therefore, the system matrix
is transformed from A (;)=0 t0 As(1)=1, the same as A (;)=0,
but includes the terms in (17); i.e., As()=1 has additional
eigenvalues. Due to the proposed compensation, as shown
in Fig. 9, which is the root locus of the proposed controller,
the eigenvalues at zero shift to the left side of the real axis.
Thus, the matrix of the proposed frequency controller is
asymptotically stable.

In summary, the proposed control system is a switched
linear system with two system matrices, denoted as Ay ()=
and A, ()=1. These matrices are complementary and are acti-
vated or inactivated by the switching signal o (t). Based on
Fig. 8, A5 (1)=0 has an eigenvalue at a critical point, which may
cause system instability. However, based on the computed
participation factors, the state variable Awyy, is verified to
be asymptotically stable; i.e., dwsy/dt converges to zero.
Thus, the signal o (t) should approach 1 asymptotically. This
indicates that the multiple diesel generators converge to the
As(n=1 system matrix when using the proposed controller.
Therefore, the proposed compensator stabilizes an unstable
system. Section IV-C describes the CQLF to further prove
the stability of the switched system.

C. COMMON QUADRATIC LYAPUNOV METHOD AND
SETTING AND CONTROL PARAMETERS

The existence of a CQLF in a switched system is a necessary
and sufficient condition to ensure the asymptotic stability of
the system for any switching signal [40]. For system (18), let
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Algorithm 1 PSO Algorithm for k. and

1 [Initialize PSO parameters: Nparticle> V0> ¥» Imax
2 Initialize system parameters in Table 1.

3 Generate particles and velocity: p = (kqg, 7j9) and v
4 For !l < lhax do

5 | Update the v and position of p with y

6 | Evaluate particles with fitness function (21)
7 | update ppest’, gbest Within particles

8 # Run SDP Program

9 | Update Ay (1y=1With ppest’

10 | Solve SDP optimization

11 | objective : min(tr(P))

12 | subject to:

13 [P>0,Q>0

14 | AZ(I)=0P+PAG@=0 <-Q

15 | AL =1 PHPAG()=1 <-Q

16 | If P exists @

17 | update phest = Poest’

17 I=1+1

18 | If ppest changes:

19 I=0

20 End For
21 ke, T/= Pbest
22 Output: k¢, 77

the scalar function CQLF be
V(AX) = (Ax)" P(Ax), (19)

where P is a positive-definite matrix. To ensure the system
stability, the V, the derivative of V, should be negative defi-
nite matrix, i.e., the sufficient condition is denoted as

> (AIP+PA, +Q <0), (20)

where Q is a positive-definite matrix. It satisfies limy—, oo V(X)
<= p, where p is arbitrary positive constant; i.e., the system
is asymptotically stable. The condition expressed in (20) for
a CQLF is formulated as a linear matrix inequality (LMI),
and its existence is verified using semidefinite programming
(SDP). This study employed the MOSEK solver in conjunc-
tion with the CVXPY modeling language implemented in
Python for SDP.

The design of the control parameters outlined in (17) sig-
nificantly affected the performance of the proposed FRCC.
Therefore, a heuristic optimization method called particle
swarm optimization (PSO) was employed to find the optimal
control parameters k. and t; due to its advantage of having
few setting parameters and fast convergence [16]. First, the
PSO parameters are initialized, where Npaticle is the num-
ber of particles, vq is initial velocity, y is the weighting
coefficients for each particle p, and I[nhax is the maximum
number of iterations. At the end of the condition of the PSO
algorithm, the global best position of the particle, gpesi, does
not change for more than iteration /p,x. Subsequently, the
system parameters in Table 1 are initialized, except the target
variables of the algorithm k. and 7;. The iterations of the PSO
algorithm commence after generating the initial particle and
velocity. The fitness function for evaluating each iteration is
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FIGURE 10. Amax distribution of the system matrix with respect to
parameters k¢ and 7.

defined as follows:

J = pidi + pada, (21a)
tend
Ji =" |Awgy®), (21b)
=ty
Ngf" tend
T =" |APL() — APy, (2lc)
k t=tp
Ngen
(21d)

APy = Z |APk(t)|/Ngena
k

where (11 and pu; are the weight coefficients of the objective
functions J; and Jp, respectively. When the step load changes
from #g to feng, J1 is calculated as the total sum of the changes
in frequency, and J; is calculated as the difference between
the total sum of the active power changes of the generators
and their average. Thus, considering the importance of fre-
quency control compared with that of active power sharing
in secondary control, ;1 and p, are set to 10.0 and 1.0,
respectively. The global best position before checking the
stability via SDP and each best position of the particles,
denoted as gpest’ and prest, respectively, are updated after
evaluating the fitness function. While updating the global best
position of the particles, the existence of the CQLF in the
switched system is verified through SDP for system stability,
where tr(X) denotes the trace of X for an arbitrary matrix X.
X>0 indicates that X is a positive-definite matrix, and X<0
implies that X is a negative definite matrix. If P exists, gpes 1S
updated to gpest’, otherwise, it remains unchanged. The final
Zbest, considered as optimal k. and 7, are computed as [0.05,
1.76] using the PSO in Algorithm 1.

In Fig. 4, the thresholds of the deadband and timer settings
are crucial to the proposed control approach and are directly
related to control performance. The deadband ensures that the
proposed control operates only under steady-state conditions.
Based on [41], a reasonable definition of the steady state
corresponds to the state in which the response value reaches
and stays within 2% of the final value. Therefore, if the value
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within the parentheses in (7) is less than 0.02, the power
mismatch between the mechanical power and load power is
less than 2%. Thus, based on the equivalent inertia constant
M.y, equivalent to the sum of the inertia constants of the
generators in Table 1, DBy, is set to £ 0.0025 p.u., such
that the frequency reference compensation controller operates
only when the mismatch between the mechanical power and
load power is less than 2%.

The p/u and d/o timer must be set to prevent the proposed
controller from activating during a transient response. To set
the timer, the system time constant should be designed to
activate the proposed controller only when the frequency
response is in a steady state and is calculated to be 0.091 based
on [40]. If the settling time (time to reach a steady state) is
defined as the time required for the response to reach 2%
of the final value, then the settling time is four times the
value of the system time constant. Furthermore, the frequency
derivative, dwsy,/dt, is measured as the average value over
each 0.1 s interval, considering the standards in [42]. Thus,
the time is set to 0.4 s to determine when the controller
activates/deactivates when the four samples are within the
deadband threshold.

D. FURTHER CONSIDERATIONS ON SETTING THE INITIAL
POINTS IN THE PSO ALGORITHM

The convergence of the optimal solution of the PSO algorithm
depends on the initial point [43]. To address this problem,
the search space of the parameters was limited based on
theoretical principles. The eigenvalue stability of the sys-
tem was leveraged to determine the range of the designed
parameters, as shown in Fig. 9. This is imperative because
the derived parameters must satisfy the stability criteria of the
system. When the parameters k. and t; change, the vulnerable
eigenvalue, Apyax, also changes.

Fig. 10 shows the Apax distribution of the system matrix
with respect to parameters k. and t;. When the Apax for a
specific k. and 7; is less than zero, the system is considered
asymptotically stable. Fig. 9 indicates that the lower the
parameters, the more stable the system. However, selecting
these parameters presents a trade-off between stability and
performance. Larger k. and smaller 7; values result in the
rapid response of the proposed FRCC but increases instabil-
ity. Conversely, smaller k. and larger 7; values result in a slow
response but better stability. Therefore, the search space range
of the PSO parameters were confined within a stable region,
where k. ranges from 0.001 to 0.6, and t; ranges from 0.1 to
5.0.

Subsequently, the initial particles were distributed
either completely randomly or at regular intervals, where
Nparticles(number of particles for the PSO algorithms) was
equal to 50. Consequently, the outcomes of the k. and 7;
derived using the PSO algorithm in both cases were deter-
mined to be 0.5 and 1.76, respectively. These results are
consistent with those of the grid search approach (GSA),
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a robust and widely used method for ensuring a global
solution but requires high computational time [44].

Host PC
(Plant Impl
(DSP de

1tation)

FIGURE 11. Simulation and controller hardware-in-the-loop simulation
(CHILS). environment.

V. CHILS VERIFICATION
CHILS, a widely used method for practical verification of
control methods, was used to verify the practical feasibility
of the proposed control method. Fig. 11 shows the overall
structure of the CHILS environment. Three secondary fre-
quency control methods (SIFC, leaky integral control, and
the proposed FRCC) were implemented using Atmel ARM
Cortex-M3 core-based digital signal processor (DSP) boards
and verified through microgrid simulations. The test micro-
grid plant shown in Fig. 7 was modeled in an RTDS to
demonstrate the controllers in real time for more effective
verification. Moreover, the host personal computer compiled
and debugged the code for the SFC, which was programmed
and implemented on DSP boards, and monitored the micro-
grid modeled in the RTDS. When the simulation test began,
the RTDS sent the frequency signals of the two generators
to the DSP boards and received the torque value signals from
the boards through an I/O interface. An oscilloscope (DPO
4054B) was used to capture the measured frequency and
mechanical torque signals (w1, @m2, Tm1, Tn2) between the
RTDS and MCU boards, where w;,x and T, are expressed
as

WOmk = Wsys + Ek, (22a)

1 Py
Tk = — .
wmi P k,rated

(22b)

To reduce the noise of the I/O signals in the DSP boards,
a digital second-order Chebyshev filter was implemented
during the subsequent stage; that is, the input signals were
transferred from the ADC to the DSP boards. Table 1 lists the
parameters for the two generators and controllers. The fol-
lowing scenarios were used for the CHIL tests: Only primary
droop control was operated online for up to 10 s. At 10 s,
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secondary control methods were activated. At 50 s, a 20 kW

load was applied to verify control in the transient state.
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FIGURE 12. Secondary frequency control results of CHILS, in which the
load increased by 20 kW at 50 s: (a) integral control, (b) leaky integral
control, and (c) proposed frequency compensation control.

Fig. 12(a) shows the active power outputs of the diesel gen-
erators and the frequency of the system when the conventional
integral control [23], [24], [25] was implemented. As shown
in Fig. 12, the frequency was 0.9952 p.u. when the CHILS
started and changed to 0.9997 p.u. after the integral controller
was activated. The integral controller had to set the frequency
to a nominal value in the absence of biased errors. Thus,
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FIGURE 14. Comparison between the conventional SIFC and proposed FRCC with respect to plug and play: (a) system frequency and frequency reference,

(b) active power, (c) frequency restoration term (3wy).

the results demonstrated that average unknown biased errors
of approximately 0.0003 p.u. are inherent to the microcon-
trollers and I/O devices, even those that were not intentionally
applied to the test system. Consequently, the mechanical
torque of diesel generator 1 increased continuously, whereas
that of diesel generator 2 decreased continuously in the steady
state until the relays tripped.

Fig. 12(b) shows the active power outputs of the diesel
generators and the frequency of the system when the leaky
integral control in [30] was implemented. The results also
indicated that unknown errors occurred with slight changes
in the frequency and torque at approximately 10 s. The fre-
quency reached a steady state at 0.9981 p.u., and the generator
torques converged. After a load disturbance at 50 s, the
torques of the generators approached 0.5646 and 0.5637 p.u.,
and the frequency converged to 0.9968 p.u. These results
revealed the systemic limitations of leaky integral control and
the relatively large frequency deviation in the steady state and
different converging frequencies among operating points.

Finally, Fig. 12(c) shows the active power outputs of the
diesel generators and the frequency of the system when
the leaky integral control was implemented. As shown in
Fig. 11, the frequency and torque of the generators did not
change in steady state. When the load was increased at 50 s,
the controller increased the torque to regulate the frequency
according to the nominal value. Furthermore, unlike in
Fig. 12(a), clock drift between multiple frequency controllers
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did not occur; thus, the torques of the two generators did not
change in opposite directions in the steady state. Neverthe-
less, a small torque mismatch between generators 1 and 2 was
observed, similar to the results shown in Fig. 12(b). This
mismatch was attributed to the variations among measure-
ment devices, differences in the response delay, or different
ADC gains and offset errors in the MCU boards. However,
the proposed controller maintained the frequency close to the
nominal value by compensating for unknown errors in the
frequency reference. A compensation value of 0.0002 p.u.,
is negligible [34], [35]. Thus, even if the two generators have
different rated powers and time constants, the frequency and
torque converged successfully without clock drift with the
proposed method, unlike with the conventional integral and
leaky integral control approaches.

VI. SIMULATION RESULTS

Simulations involving various scenarios, such as sudden
load changes, plug-and-play, and adopting FRCC to ESSs,
were performed to verify the proposed FRCC in an islanded
microgrid. The real power system described in Fig. 7 was
modelled in the RTDS for software simulation with some
modifications, including two generators and two ESSs. In this
schematic, the diesel generators, whose parameters are listed
in Table 1, are placed as grid-forming units, and the ESSs
are placed as grid-feeding units, with powers fixed at 50 kW.
Table 2 lists the detailed grid model parameters. In validating
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the effectiveness of the proposed control, the droop controller
controls the frequency until it is close to the reference values,
and the system is switched to SIFC or the proposed FRCC
at 30 s. Fig. 13 illustrates the sudden load changes scenario,
where the frequency reference of each generator is denoted
as w™, the subscript ‘SI1’ represents Generator 1 under SIFC,
and ‘FR2’ represents Generator 2 under FRCC. The graph of
SIFC is presented as a dashed line, whereas that of FRCC is
represented by a solid line.

A. SUDDEN LOAD DISTURBANCES

The load abruptly increased by 50 kW at 1 00 s and decreased
by 30 kW at 150 s. Fig. 13(a) and Fig. 13(b) demonstrated
that the proposed FRCC could control the active power in the
steady state without clock drift, whereas wsys converged to
wo. However, in this scenario, the conventional SIFC could
not converge the active power of each generator. Similarly,
as shown in Fig. 13(c), the frequency restoration term dwsyy
gradually increased, and dwsry decreased while Swpr; and
dwrra reached a steady state.

B. PLUG-AND-PLAY

As shown in Fig. 14, similar to Fig. 13, the transition from pri-
mary droop control to conventional SIFC and FRCC occurred
at 30 s, and the load abruptly increased by 50 kW at 100 s.
Subsequently, Generator 3 was plugged into the grid near
load 2, as shown in Fig. 7 at 150 s. The plugged-in generator
has the same specifications as Generator 1 and operated only
as the primary frequency droop control until it reached a
set point. Subsequently, it switched to either SIFC or FRCC
by itself. Even with the addition of new generators to the
microgrid, the proposed FRCC method effectively controlled
the frequency without clock drift, whereas the conventional
SIFC caused clock drift.

C. FRCC WITH BESS

The coordination between the diesel generator and power
converter system is promising for islanded microgrid appli-
cations. Therefore, demonstrating the applicability of the
proposed FRCC to power converter systems in battery energy
storage system (BESS) is crucial. Thus, the conventional
SIFC and proposed FRCC with BESS were compared,
as shown in Fig. 15. One ESS was set as a grid-forming
inverter with the proposed FRCC, whereas the other ESS was
set as a grid-feeding inverter. The uppercase ‘SI’ and ‘FR’ in
the notation denote the SIFC and FRCC, respectively, and the
lowercase ‘DG’ and ‘ESS’ denote the diesel generator and
BESS, respectively.

In the simulation, the generators switched to SIFC or
FRCC from the primary frequency droop control at 30 s, and
the active load abruptly increased by 50 kW and decreased
by 30 kW at 100 s and 150 s, respectively. These conditions
are the same as that in the sudden load disturbances scenario
but include BESS as the FRCC. The results demonstrated that
the SIFC method caused clock drift; that is, the active pow-
ers of the DG and BESS gradually increased or decreased.
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FIGURE 15. Active power of the two diesel generators and one BESS with
the proposed FRCC method.

By contrast, the proposed FRCC method did not cause clock
drift, and the active power of each generator converged to
a steady state. Therefore, BESS can also be adopted as an
FRCC method.

VIi. CONCLUSION

With conventional secondary frequency controllers, unknown
errors in the system or measurement devices can cause clock
drift of the controllers or steady-state frequency errors during
the parallel operation of diesel generators. Here, we introduce
a novel SFC method with compensation signals to mitigate
clock drift and eliminate steady-state frequency errors in
a decentralized manner without telecommunications. The
stability and feasibility of the proposed method were veri-
fied using a small-signal state-space model. The proposed
method shifted the unstable eigenvalue at the critical point
to the negative real part, such that the system matrix was
asymptotically stable. Furthermore, CHIL tests and software
simulations were performed to demonstrate the effectiveness
of the proposed control method. The results confirmed that
with the proposed controller, diesel generators could maintain
the frequency at a nominal value without telecommunication
infrastructure or clock drift. The proposed method can signif-
icantly enhance the system reliability of islanded microgrids
with a simple implementation.

APPENDIX

The detailed small-signal state-space model of the two gen-
erators in (14) can be derived as shown at the top of the
next page, where aj, a, a3, and a4 are the inner coefficients
of Ayt. In addition, Bge, can be divided into Bioad and By,
which are input matrices representing the load disturbance
and unknown biased errors, respectively. A, represents the
influence of the active power from each generator on the
system frequency, A, represents the influence of the sys-
tem frequency on the active power of each generator, A
represents the primary and secondary frequency control of
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each generator, and Ay represents the influence of the active
power of the other generators to each generator.
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