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Abstract: The integration of renewable energy resources and uncertainties in power system models
pose significant challenges to load frequency control (LFC). To tackle these challenges, controller
tuning with robustness constraints provides an efficient solution. In this paper, we propose a novel
approach for controller tuning in the LFC of microgrid systems with communication delay. Our
approach converts the tuning task into an algorithm that solves two parametric equations subject to
robustness constraints, resulting in high accuracy and computational efficiency. We use a perturbed
scenario with uncertain microgrid model gains and communication delay to illustrate the tuning
efficiency. Simulation examples, including comparisons with classical tuning methods, demonstrate
the effectiveness of our proposed method.

Keywords: communication delay; fractional-order control; load frequency; microgrid; robustness;
tuning

1. Introduction

Growing concerns about global warming and energy crises have led to the rapid
development of microgrids (MGs) in recent years [1]. An MG is a small power gener-
ation system that organically integrates loads, monitoring and protection devices, and
distributed energy resources (DER) including energy storage systems (EES) and distributed
generators (DG) [1,2]. Compared with conventional power systems, MGs have advantages
such as flexibility, scalability, and compatibility [3], giving them greater potential to absorb
intermittent renewable energy sources (RESs). These advantages have also led to MGs
being recognized by the International Electrotechnical Commission (IEC) as one of the key
components in future power systems. However, the low-inertia nature of an MG makes it
sensitive to load disturbance and the injection of RESs [4]. This brings significant challenges
for generation-demand balance and frequency regulation. Unacceptable frequency devia-
tion or even MG blackouts may occur, in the presence of system parameter perturbations,
communication delay, or increased penetration levels of RESs.

MGs can operate in grid-connected or islanded mode. In grid-connected mode, the
power deficiency and frequency fluctuations can be compensated by the main grid. How-
ever, in islanded mode, frequency regulation is more difficult to address [1,4], due to the
lack of stable power support from the main grid. Reliable MG resources are essential to
maintain frequency within desirable limits. Controller design for the frequency regulation
of an islanded MG is the aim of this work. Similar to large-scale conventional power sys-
tems, a hierarchical control strategy for MGs is commonly accepted by researchers [2,4—6].
The hierarchical control is usually composed of three levels with significantly different
time scales, namely primary control, secondary control, and tertiary control. In this re-
spect, a hybrid MG is investigated in [7], utilizing FESS and BESS in primary frequency
control, while using FC and DEG for secondary frequency regulation. In some literature,
a single distributed generator is employed for secondary frequency regulation, such as a
micro turbine-based MG in [8], and a fuel cell-based MG in [9]. In [10], FESS and BESS
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are used in primary frequency control for a shipboard MG, and a ship diesel generator is
used for secondary frequency regulation to alleviate the output power fluctuations caused
by RESs. In [11,12], DEG is coordinated with electrical vehicles to improve frequency
regulation performance.

The purpose of this work is a multi-level frequency regulation method for an MG
system, with a focus on secondary frequency control. Over the years, numerous load
frequency control (LFC) methods have been proposed to improve frequency regulation
performance. An analytical study of the influence of RESs on frequency control is presented
in an islanded MG in [13]. The impact of communication delay on LFC in a microgrid
with plug-in-electric vehicles is proposed in [14]. Advanced LFC design with robustness
controller constraints is given in a fuel-based microgrid in [15]. A robust frequency control
method is developed in an islanded MG in [4], using He and p-synthesis approaches. A
cooperative control method with enhanced frequency regulation of an islanded MG is
investigated in [16]. An LFC issue for an islanded MG with electrical vehicles is addressed
in [17] based on multivariable generalized predictive theory. On the other hand, advanced
optimization algorithms are receiving great attention for LFC issues of MGs. In this
respect, a meta-heuristic improved-salp swarm optimization algorithm is utilized in [18]
to handle a two-area islanded MG. A chaotic sine cosine algorithm is applied to address
the LFC of an MG in [19]. The yellow saddle goatfish algorithm is utilized in [20] in a two-
area interconnected microgrid system. Although these algorithms are rather effective in
calculating efficient controller parameters, they are computationally expensive and cannot
be re-tuned easily [21] by field engineers.

Thanks to the developing techniques of the microprocessor and parallel processor, the
computational difficulties of fractional-order systems can be relieved on a large scale. In
recent years, the fractional-order LFC of MGs has received great attention from researchers.
In this respect, the impact of the order of the fractional-order proportional-integral (FOPI)
controller on system stability is presented in a fuel cell-based MG in [9]. The LFC issue
for an MG system via FOPI controller is addressed in [8]. However, these methods do not
deal with the tuning issues of load frequency controllers. From the perspective of plant
operators, controller tuning is of vital importance in terms of engineering application [21,22].
Although the tuning issues have been addressed in the process control area [23,24], they
have not been fully considered in an MG system. Hence, the aim of this work is to develop
novel tuning rules which are suitable for addressing the LFC issues of an MG system.

The contributions of this paper are the following:

1. A new LFC model for an MG system is developed. Compared with the existing
methods [4,13], the new model considers communication delay and the participation
factors of distributed energy resources.

2. Anovel fractional-order proportional-integral (FOPI) controller tuning method is proposed.

The proposed tuning method utilizes the robustness specifications of gain margin (GM),

phase margin (PM), and flat phase constraint (FPC), compared with the well-known tuning

method [23,24] which utilizes PM, FPC, and gain crossover frequency:.

A fast algorithm for obtaining controller tuning parameters is developed.

4. Simulation comparison with classical tuning methods [23,24] is presented to show the
effectiveness of the proposed tuning method.

@

The paper is organized as follows. System modeling for an MG system with communi-
cation delay is presented in Section 2. Section 3 shows the proposed robust fractional-order
LFC tuning method. The tuning efficiency is presented in Section 4, where the influence of
communication delay and MG model gains on system stability and frequency regulation
performance is analyzed. Simulation examples using real-world solar radiation and wind
power fluctuation data are given in Section 5. Finally, the conclusion is given in Section 6.

2. Mathematical Modeling of an MG System

In the configuration of the proposed method, several distributed energy resources
(DER) are considered, including a flywheel energy storage system (FESS), a battery energy
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storage system (BESS), a fuel cell (FC) [25], a diesel engine generator (DEG) [26], a micro
turbine (MT) [8], photovoltaic (PV) panels, and a wind turbine generator (WTG).

A review of the hierarchical control structure for MGs has been given in Section 1. It
shows that, in the existing methods for the LFC issues of MGs, two level control (primary
and secondary) has been widely investigated. However, the introduction of higher-level
control (tertiary) into the MG model has received little attention. In this work, the well-
known MG model proposed by [4] is considered. First, communication delay is introduced
into this model. Then, for tertiary control, the participation factors of distributed energy
resources are also introduced. With this, we expect the flexible configuration of the MG
system. We also expect that the references of secondary control can be updated dynamically
according to the actual application scenario. Note that the concept of participation factors
is borrowed from the mature theory of conventional power systems [27]. The introduction
of participation factors can realize the dynamic configuration and enhanced coordination
of DER in the MG system.

The diagram of the MG system is shown in Figure 1. In this diagram, T is communica-
tion delay, AP¢ is the supplementary control action, Ae /¢ is the gain-phase margin tester
that is nonexistent in the practical system [15], and AP,,;,4 and AP, are the Laplace trans-
formations of wind speed and solar radiation, respectively. In this figure, arc, xprg, amT,
BrEss, and Bprss are the participation factors of FC, DEG, MT, FESS, and BESS, respectively.
These participation factors are scheduled by market operator (MO) [2,27,28] to make the
most cost-effective combination of DER to meet their economic dispatch. Normally, in
addition to non-negativity, these participation factors should satisfy:

apc + apeG + amT + PBESS + PrEss = 1. 1)
— Ae /¢ [€4— e |4
AP 1
wind=—> TWTGS g
AP A
1/R ? —> TpVS +1 1 Af
Ms + D
+ 1
a
—» ApEG Toros + 1
A 1
1
: T’.'Esss + 1 ‘_0
1
1
- a
_’ c APC : g ’ T,.-CS + 1
1 A 1
1 1
1 1 —
: : 1 TBE_gss +1
—TTP @ P
| | or TMTS + 1
I A

Market operator

Figure 1. Diagram of the microgrid frequency response model.

Energy storage systems play a fundamental role in achieving rapid frequency regu-
lation by absorbing or injecting instantaneous power into MGs. Typical energy storage
systems include FESS and BESS, which store reserved power in the form of kinetic and
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chemical energy, respectively. The transfer functions of FESS and BESS for active power
control are given as [9,13].

KrEss KpgEss
_— )

G = ——,G = .
FESS = s+ 17 "BESS = Torees +1

It deserves noting that FESS and BESS are mainly used for transient power compensa-
tion via primary frequency control. After large frequency deviations are eliminated, the
power output of energy storage systems should be restored to improve their service life
and ensure the maximum emergency reserved power. In this case, distributed generators
such as FC, DEG, and MT take over the power balancing task by participating in secondary
frequency control. The transfer functions of FC, DEG, and MT are given as [9,19]

Krc Kepg Kmr 3)

Gre = —FC_ Gppe = , Gur = .
FC Tres +1 DEG Tpegs +1 MT Tyrs +1

The larger the scale of RESs, the more predictable their power output will be. Com-
pared with traditional large-scale power systems, the installed capacity of RESs in MGs is
much smaller. This implies that it becomes more difficult to predict the power output of
RESs in MGs. Hence, APyt and APpy are considered disturbance signals [4,26] in this
case study. The transfer functions of WIG and PV are given as [19]

1 1

GPV = m (4)

G =,
WTG TWTGS +1

The net power difference to evaluate the generation and demand balance can be

expressed as
AP = (apcGrc + apecGpec + amrGmr ) APc
- (%GDEG + BressGress+BpEss GBESS) Af )
+APy + APwrg — APy
As can be seen from Figure 1 and Equation (5), DEG can be utilized to coordinate
with FESS and BESS for transient power compensation support by adjusting its droop

coefficient R.
The model parameters of the MG system in Figure 1 are shown in Table 1 [4].

Table 1. Model parameters of the MG system in Figure 1.

Parameter Value Parameter Value
M 0.2 Kress, Tress 1,01
D 0.012 Kgess, TrEss 1,0.1
Kre, Tre 1,4 Twre 1.5
Kpec, Tpeg 1,2 Tpy 1.8
Kymr, Tt 1,2 R 1.2

The objective of this work is to design a load frequency controller in the MG sys-
tem to minimize the net power difference AP under variations in participation factors,
communication delay, and system model parameters.

3. Load Frequency Controller Design and Tuning
3.1. Load Frequency Controller Design

The stability boundary locus (SBL) method [15,23] is utilized for controller design.
With the SBL method, the stable controller parameter space of the MG system can be
determined. The load frequency controller parameters are obtained within the stability
region to achieve the desired robustness and frequency regulation performance.
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The adopted structure of the fractional-order load frequency controller is
1
C:KP+KISTVO<A<2~ (6)

Denote 0 = [Kp, K, A]. From Figure 1, we can obtain the characteristic equation of the
closed-loop system as follows:

(T/ 6/ /4)15)
= P(s) + CQ(s)e (Ts+i9)
6 4 . @)
=Y (stl) +C q SV)e_(TS+]¢) =0
i=0 v=0

where
P(s) = (Tpcs+1)(Tpmrs +1)[(Ms+ D)
(Tresss +1)(Tgesss +1)(Tpegs + 1)
+Bress(Tpesss +1)(Tpegs + 1)
+BBEss(Tresss +1)(Tpegs + 1)
+1/R(Trgsss +1)(Tpesss +1)]

Q(s) = A(Tpgsss +1)(Tpesss +1)
[amr(Tecs +1)(Tpegs + 1)
+apec(Tres + 1) (Tmrs +1)
+arc(Tpecs +1)(Tmrs + 1)
The expressions p; and g, in (7) can be easily obtained from P(s) and Q(s), respectively.
These expressions are somewhat lengthy and are not shown here to save space.

For the MG system under study, the boundaries of the stable controller parameters

region can be determined by the complex root boundary (CRB) and real root boundary
(RRB) as follows:

e  RRB. The real root boundary is determined by A(7,6, A, ¢;s = 0) = 0, which, from (7),
gives K; = 0.
e  CRB. The complex root boundary is obtained by A(<t,0, A, ¢;s = jw) =0. Inserting
s = jwand C| s=jcw into (7), one obtains
A(T,6,A, ¢; jw)
=y1+jy2+ (Kp + Kjw ™) (y3 + jya) ®)
[cos(Tw + ¢) — jsin(tw + ¢)] =0
where
— b 4_ 2
Y1 = —Pew” + paw” — pow” + po,

Y2 = psw® — paw® + prow,
Y3 = qaw* — qaw® + qo,

ya = —q30° + qrw.

with j=* = cos(A7t/2) — jsin(A7/2), after some simple manipulation, the real and imagi-
nary parts of (8) can be obtained respectively as follows:

Kplyszcos(tw + @) + yasin(tw + ¢)]
+Kjw Myscos(tw + ¢ + At /2) )
+yssin(tw + ¢ +At/2)]+y1 =0
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Kp[yscos(tw + ¢) — yzsin(tw + ¢)]
+KjwMygcos(tw + ¢ + At /2) (10)
—y3sin(tw + ¢+ Am/2)]+y, =0

From (9) and (10), one can obtain

Y1 Ys — Yo ¥s — tan(Art/2)(yq Y5+ Yo V)
Kp(w, A, ¢) = 11
i 4ig) W (y3 + yi)sec(Ar/2) -
KI(CU'A/(P) _ Yo Ys—VY1Ye (12)

(10 — 330%)*+(qaw* — w? + g0)°
where
Y5 = y3cos(Tw + ¢) + yssin(tw + ¢)

Y6 = Y4cos(Tw + ¢) — yzsin(tw + ¢).

Hence, for a fixed A, the CRB is determined by plotting the curve of Kp versus K;
with w — 400 from zero. With A = 1,¢ = 0°, and a given fractional order A, the stable
parameters plane (Kp, K;) can be obtained from the CRB and RRB curves presented above.
The stability region can be determined by a random point testing method [29].

The controller gains Kp and K can be determined within the stability region or the
relative stability region which satisfies specified GM and PM.

3.2. Tuning of Fractional Order

Phase margin (PM) is a common robustness index for FOPI controller tuning [23,24].
In this tuning method, the controller parameters Kp and K| are obtained within the stable
parameters plane (Kp, Kr) satisfying the desired PM ¢ and gain crossover frequency wgc,
which corresponds to the black circle “N” in Figure 2a. However, it is not clear whether this
tuning method can achieve the desired gain margin (GM) of the closed-loop system. An-
other widely accepted SBL tuning method is the weighted geometrical center method [30],
corresponding to point “P” in this figure. This method is simple and intuitive. The con-
troller parameters are calculated based on the weighted geometric center of the stability
region. Nevertheless, despite offering good performance, it remains uncertain whether this
method can obtain the desired system robustness in terms of GM and PM.

H o Pmpose‘dmeth"‘i | ] |Unstablle - ' — '2=0.9:0.05:1.5
1.5 o Chen et al. 2021 and - 07+ (@] 1"\=3, $=60°
Tuo & Chen 2012 region O FPP
#* Ogzyetkin et al. 2020 0.6 F |—RRB
Stable region sk = = RSL, ¢=60°
1 CRB line .

_ 04} P

MN £ ‘
03r ’,’/l,

0.5 02} e
/g ”// 4

0.1F /,,’/’/’/,,/

ey - 7

L L tse =

ok i 0
RRB line -0.1 I
| i | ! i | i > 3
2 -1 0 1 2 3 4 : 0 I&}
K, P
(a) (b)

Figure 2. Interpretation of design steps. (a) Stability and relative stability regions [23,24,30]. (b) De-
termination of controller parameters satisfying the desired robustness indices.
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To have design with guaranteed GM and PM, the controller parameters should be
tuned within the shaded region in Figure 2a. In this work, the tuning parameters Kp and K;
are chosen as the intersection “M” of the relative stability curves in this region. The reason
for this choice is that wg, at this intersection is the maximum gain crossover frequency that
can be achieved within the shaded region. This implies that better frequency regulation
performance can be obtained, since a larger value of wg. usually gives a faster response
speed [24].

The flat phase constraint (FPC) ensures a smooth open-loop phase at the gain crossover
frequency, which enhances system robustness with respect to loop gain variations. There-
fore, this constraint is utilized to cope with the frequency stability issue caused by gain
perturbations in Krc, Kpgg, and K7 in the studied MG system. To have a unique load fre-
quency controller tuning, the fractional order A is calculated to satisfy this constraint [23,24]:

d¢
@—0,0<)\<2. (13)

In order to obtain the expression of ¢, once again we divide A(7,6, A, ¢; s = jw) into

real and imaginary part equations, as follows:

Y1 + (r1y3 — rayy)cos(tw + ¢)

+(r1ys + roy3)sin(tw +¢) =0 (14)

Yo + (r1ya + rays)cos(tw + ¢)
—(r1ys — rayg)sin(tw + ¢) =0

From (14) and (15), we get

(15)

X2Y1 — X1Y2

¢ = arctan
X1Y1 + X2)2

—Tw +nm (16)

where
X1=T11Y3 — 12l4

Xo = 1Y4 + 12Y3
r1 = Kp+ K[C()_ACOS(/\TL'/z)

ry = —Kjw sin(Am/2).

Substituting (16) into (13) gives
d¢  x1x0 —X1x0 | Viva — Y1y

ET N . 47

where

.

Vi = —6pew® + 4pyw’ — 2prw
y2 = 5psw’ = 3psw’ + pr

X1 =11Yy3 +11Y3 — 12Ys — 1Y
Xp = 11Ya +11Ya +12Yy3 + 12Y3
Y3 = 4q4a)3 —2qow

vy = —3q300° +
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11 = —AKjw " Leos(Am/2)
1y = AKjw M lsin(An/2).

3.3. Design Summary and Tuning Algorithm

The design summary with an MG example is given as follows:

Step 1. The MG model parameters are shown in Table 1. Fix participation factors as:
XMT = 0.1, XDEG — 0.17, Xpc = 0.23, ﬁBESS = 0.15, ,BFESS = 0.35. The fractional order is
also fixed at first. (For illustration, it is taken as A = 1.1 in this example.) Given A = 1 and
¢ = 0°, the CRB curve of Kp versus K; is plotted according to (11) and (12). The RRB line is
determined as K; = 0. The stability region circled by CRB and RRB is shown in Figure 2a,
which can be determined by testing a random point in each divided region.

Step 2. Select the desired GM and PM values, such as A = 3 and ¢ = 60°. With (11)
and (12), the relative stability line (RSL) of GM and PM is obtained as the dash-dotted line
and the dashed line in Figure 2a, respectively, through which the parameters Kp and Kj at
intersection M can be read.

Step 3. Test whether the flat phase constraint (FPC) is satisfied by substituting the
obtained controller parameters (Kp, Kj, and A) into (17). If it is satisfied, stop the algorithm.
Otherwise, sweep the fractional order in the range A € (0,2), as shown in Figure 2b, until
the flat phase point (FPP) which satisfies the desired GM, PM, and FPC is found.

For clear presentation, the SBL GM curves of A = 3 and ¢ = 0° are not shown
in Figure 2b.

The flow chart of the above design steps is depicted in Figure 3a.

It is worth noting that the controller parameters of the proposed method are obtained
in a similar way to the recent ref. [24], although the achieved system robustness is quite
different. For both methods, one common disadvantage is that only crude controller
parameters can be obtained, if the tuning is conducted as per the design steps mentioned
above. Because the interval of fractional order A cannot be taken too small, otherwise the
tuning process will be rather time-consuming. To face this issue, an automatic algorithm
for calculating intersection coordinates is developed in this work, which can greatly reduce
the tuning burden.

It should be stressed that the SBL curves with specified GM and PM are both para-
metric equation curves. Therefore, the controller parameters of the proposed method
can be tuned through an algorithm searching the intersection of these two parametric
equation curves, according to Equations (11) and (12). To conduct this searching algo-
rithm, the SBL curve with specified GM is denoted as C; with Kp; = f(wig9, A, ¢ = 0°)
and Kj; = f(wigo, A, ¢ = 0°), where wig is the phase crossover frequency. On the other
hand, the SBL line with specified PM is expressed as C; with Kp, = f(wge, A = 1,¢) and
Kp=f (wgc, A=1, cp). Given initial frequency guess values of wg and wygp, the intersec-
tion can be easily computed by MATLAB function fminsearch for a fixed fractional order A.
Then, scanning the fractional order and using MATLAB function min to find the minimal
value |d¢/dw|, the tuning parameters at FPP can be found. Note from Figure 2a that
two intersection points may exist, and inappropriate tuning can be avoided by selecting
reasonable initial frequency guess values (not too small).

The proposed tuning algorithm to obtain controller tuning parameters is shown
in Figure 3b.
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Figure 3. (a) Design steps. (b) Proposed tuning algorithm.
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4. Tuning Analysis under Perturbed Model Parameters
4.1. Controller Tuning under Perturbed Communication Delay

In practical engineering applications, communication delay can hardly be precisely
estimated in the MG system. Usually, only a perturbation interval of communication
delay can be determined. Therefore, it is meaningful to have controller tuning based on a
common stability region for all possible variations in communication delay.

To investigate the influence of communication delay on controller tuning, the fractional
order and participation factors are fixed as A = 1.1 and ap;7 = 0.2, appg = 0.2, apc = 0.2,
Beess = 0.2, Bress = 0.2, respectively. The stability regions (A = 1 and ¢ = 0°) under
different communication delays are shown in Figure 4a. The tuning parameters satisfying
the desired GM and PM of A = 3 and ¢ = 60° are also shown in this figure, as marked
with symbols with the color kept the same in each case. For T = 0.1, the tuning parameters
by A =3 and ¢ = 60° do not exist according to the proposed tuning algorithm, so, in this
case, A = 4 and ¢ = 60° are chosen as robustness indices. The common stability region is
shown in Figure 4b.

15t ' ! - 3 ' ;
o =20
250 » =03 4
A =02
0} ] 21 [+ =01 * 1
_ L5¢ ]
¥
l L -
5 - -
05} ]
0 - -
0 - -
' ' -0.5 : : -
. 10 15 20 4 > 0 5 4
P KP
(a) (b)

Figure 4. Controller tuning under the impact of communication delay. (a) Stability regions. (b) Com-
mon stability region.

It is shown that the variation in communication delay has a dramatic impact on system
stability. As T increases, the size of the stability region shrinks significantly. This gives an
important insight for designing a load frequency controller with uncertain communication
delay. Since the stability region for a larger communication delay is a subset of the region for
a smaller one, it is safer to have an upper bound estimation of T to design the load frequency
controller. In this way, system stability can be guaranteed for all possible perturbations of
communication delay.

4.2. Controller Tuning under Perturbed Model Gains

Assume that ap;r = 0.2,aprg = 0.2,apc = 0.2, Bppss = 0.2, Brpss = 0.2. In this
Section, the frequency regulation performance is compared between PI and FOPI control,
under perturbed MG model gains. With A = 3, ¢ = 60°, and FPC, the controller parameters
are obtained as Kp = 0.9411, K; = 0.2773, and A = 1.2301 for the POPI controller, according
to the proposed tuning algorithm in Section 3.3. With the same values of A and ¢, the
parameters obtained are Kp = 0.5108 and K; = 0.5192 for PI controller.

Assume that MG model gains change within Ky € [0.8,1.2], Kpgg € [0.8,1.2],
and Kpc € [0.8,1.2]. Load disturbance of AP; = 0.1 p.u. is applied, under these gain
perturbations. The frequency response results are shown in Figure 5. It is shown that,
under the action of the load frequency controller, the change happens at the second wave
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peak of the frequency response. FOPI control, which yields a maximum peak value of
0.0128, has stronger loop robustness than PI control, which gives a maximum peak value of
0.0218. The designed PI controller cannot satisfy the FPC index well due to the lack of an
additional degree of freedom.

0.05 T T T 0.05
|- - - Nominal response|

--- Nominal response

= of T
= =
-2 g
2-005} = ]
- >
L [
a ()
Z 0.1 5y 1
= =
= 5]
2 =
jon jon
2 -0.15 o ]
&4 &4
_0'2 1 1 1 _0'2 1 1 1
0 10 20 30 40 0 10 20 30 40
Time (Sec) Time (Sec)
(a) (b)

Figure 5. Frequency responses of the MG system under perturbations of Krc, Kpgg, and Kyr.
(a) FOPI control. (b) PI control.

Note that the proposed method is scalable and adaptable to different microgrid sys-
tems with varying communication delays and uncertain model gains by adjusting the
participation factors of the system model. With the introduction of different participation
factors, the power reference values of different micro sources can be given. The vari-
ation of participation factors corresponds to different microgrid systems with varying
communication delays and uncertain model gains.

5. Simulation Results

The proposed FOPI tuning method is compared with classical FOPI methods [23,24]
in Section 5.1. In Section 5.2, the frequency response results are shown under the influence
of participation factors and droop coefficient of DEG, respectively. In Section 5.3, the
simulation results are shown under uncertain communication delay.

Both load disturbance and real-world solar radiation and wind power fluctuation
data are utilized to evaluate the effectiveness of the proposed tuning method. The solar
radiation data used are from Aberdeen (United Kingdom) [10], while the wind power
fluctuation data are taken from the National Renewable Energy Laboratory (NREL) [31].
The power fluctuations of PV and WTG are depicted in Figure 6.
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> K
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0 <
- -0.05 |
I — Power fluctuation of PV |
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Figure 6. Power fluctuations of: (a) PV [10]. (b) Wind turbine generator.
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5.1. Comparison with Classical FOPI Tuning Method

Assume that ap;r = 0.2, apgg = 0.2, 0pc = 0.2, Bprss = 0.2, Brpss = 0.2. With A = 3,
¢ = 60°, and FPC, the controller parameters are obtained as Kp = 0.9411, K; = 0.2773,
and A = 1.2301 for the proposed POPI controller tuning. Selecting we. = 0.1,¢ = 60°, and
FPC, the controller parameters are obtained as Kp = 0.5491, K; = 0.1228, and A = 1.27 for
the methods in [23,24]. The simulation results under a load disturbance of AP; = 0.1 and
under wind and solar power injection are shown in Figure 7a,b, respectively.

" 0.3
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=
=
£ 01
-
]
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>
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Figure 7. Frequency responses under impact of: (a) Load disturbance. (b) Wind and solar power
injection [23,24].

The impact of the load frequency controller happens at the second wave peak of the
frequency response. It is shown that the proposed method gives a significantly faster
response speed than the classical methods in [23,24]. On the other hand, as shown in
Figure 7b, the maximum frequency deviation exceeds 0.2 Hz, which may trigger some safety
limitations. In this case, energy storage systems such as FESS and BESS should take more
responsibility by increasing their participation factors to speed up the frequency response.

5.2. Influence of Participation Factors

The MG model parameters are shown in Table 1. The communication delay is fixed
as T = 2. To investigate the influence of participation factors on frequency regulation
performance, the following four cases of DER combinations are considered:

(1) Case A. Only FC participates in secondary frequency control: ap;r = 0, apgg = O,
Xpc = 0.5, ﬁBESS = 0.25, ,BFESS = 0.25;
(2) Case B. Uniform coordination of different DER: apr = 0.2, appg = 0.2, apc = 0.2,
Bress = 0.2, Bress = 0.2;
(38) Case C. Both MT and DEG participate in secondary frequency control:
XMT = 0.25, XDEG = 0.25, Xpc = 0, ﬁBESS = 0.25, ,BFESS = 0.25;
(4) Case D. Only FC participates in secondary frequency control and both BESS and FESS
are switched off: AMT = O,IXDEG =0, Xpc = 1, ,BBESS =0, ,BFESS =0.
With A = 2.5,¢ = 60°, and FPC, the controller parameters are obtained as Kp = 2.347,
K; = 0.5307, and A = 1.196 for case A, Kp = 1.123, K; = 0.3475, and A = 1.220 for case
B, Kp = 1.342, K; = 0.4263, and A = 1.246 for case C, and Kp = 0.3551, K; = 0.0846, and
A = 1.226 for case D, respectively. The frequency response results for these cases in the
presence of load disturbance AP}, = 0.1 and the output power fluctuations of PV and WTG
are shown in Figure 8a,b, respectively.
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Figure 8. Frequency responses under the influence of: (a) Load disturbance. (b) Wind and solar
power injection. (c) Droop coefficient variations.

It is observed from Figure 8a that, for cases A, B, and C, superior frequency regulation
performance can be obtained. The maximum frequency deviations are within 0.2 Hz,
which can meet the standard of frequency limit for distribution grid in China. However, in
Case D, the maximum frequency deviation exceeds 0.2 Hz. The excess of deviation might
be unacceptable in some applications, and it is challenging to substantially improve the
frequency response just through an advanced control method. The reason for this is that
both FESS and BESS are switched off in this case, implying that there are not enough fast
power regulation devices to participate in primary frequency control. A large transient
power deficit cannot be effectively compensated by secondary frequency control, which is
relatively sluggish, especially in the presence of a substantial communication delay.

The above analysis shows that FESS and BESS are important components for the MG
system to achieve the rapid regulation of the frequency response. When these components
are insufficient to provide transient power compensation, some other DER should partici-
pate in primary frequency control. To improve frequency regulation performance of case D,
DEG takes over the functions of FESS and BESS, by adjusting the droop coefficient R for pri-
mary frequency regulation. With controller parameters fixed as Kp = 0.3551, K} = 0.0846,
and A = 1.226, the frequency response results under the variation of droop coefficient are
shown in Figure 8c. It can be concluded that the performance can be significantly improved
by gradually reducing the droop coefficient.

Note that fixed controller parameters have been utilized to investigate the influence
of the droop coefficient. Hence, even better performance can be obtained if the varia-
tion of R is incorporated into controller design as per the proposed tuning algorithm in
Section 3.3. On the other hand, future study is needed to unearth the compensation limita-
tions and potential of DEG in order to determine the feasible range of R for application in
practical engineering.

5.3. Influence of Communication Delay

The communication delay of the MG system can hardly be precisely estimated. Since
significant estimation error may exist, it is meaningful to evaluate the influence of com-
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munication delay on system stability and frequency regulation performance. In reality,
only the approximate range (such as T € [0.5, 5] considered in this Section) of commu-
nication delay can be determined. In this range, we consider three typical delay val-
ues for illustration purposes, i.e.,, T = 0.5, 2, and 5. Participation factors are fixed as
XMT = 0.1, XDEG = 0.17, Xpc = 0.23, ,BBESS =0.15, ,BFESS = 0.35. With A = 3, (P = 60°, and
FPC, the tuning parameters of the proposed FOPI controller are obtained as Kp = 2.328,
K; =1.828,and A = 1.191 for T = 0.5, Kp = 1.395, K; = 0.392, and A = 1.218 for T = 2,
and Kp = 1.204, K; = 0.1335, and A = 1.245 for T = 5, respectively. Here, we refer to the
above settings as exact tuning, because the desired system robustness can be achieved for
each exact value of .

The corresponding frequency response results under PV and WTG power fluctuations
are shown in Figure 9a. It is observed that frequency regulation performance gradually
improves as communication delay decreases. On the other hand, the maximum frequency
deviations are within £0.2 Hz for T = 0.5, which can meet the standard of frequency limit
for the distribution grid in China.
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Figure 9. Frequency responses under the influence of communication delay. (a) Exact tuning.
(b) Aggressive tuning. (c) Conservative tuning.

It is interesting to see that the analysis in Figure 9a is based on the assumption that
communication delay can be precisely estimated, with controller parameters updated to
track the variation of T. Since precise estimation rarely happens in practice, a more common
choice is to conduct design in terms of the estimated delay value. To evaluate the effect of
this choice, the frequency responses with tuning based on estimation T = 0.5 (aggressive
tuning) and T = 5 (conservative tuning) are shown in Figure 9b,c, respectively.

It can be concluded that, with aggressive tuning, the frequency response is unstable
for T = 5. While under conservative tuning, satisfactory regulation performance can
be obtained for all values of communication delay, although with slight performance
deterioration for T = 0.5 and 2. These conclusions are consistent with the analysis of the
influence of communication delay, as presented in Section 4. Because the size of the stability
region gradually shrinks as 7 increases, a feasible tuning with acceptable performance
should be conducted via an upper bound estimation of communication delay.
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Note that more precious quantitative assessment could be provided by adding integral
error performance indices (like IAE, ITAE, and ISE) to compare the proposed method with
the classical tuning methods.

6. Conclusions

In this paper, a robust fractional-order PI (FOPI) tuning method is proposed for the
LFC issue of a microgrid (MG) with communication delay. We have introduced partici-
pation factors in the MG system model to realize the flexible configuration and enhanced
coordination of distributed energy resources to improve frequency response. The load
frequency controller is designed based on this model to achieve the desired system ro-
bustness in terms of gain margin, phase margin, and the flat phase constraint. Compared
with conventional PI control, the proposed FOPI method has significantly better system
robustness with respect to model gain variations in FC, DEG, and MT. Comparison with the
classical FOPI tuning method is also presented to show the effectiveness of the proposed
tuning method.

With the proposed FOPI controller tuning, the frequency regulation performance
is evaluated under the influence of participation factors and uncertain communication
delay. The influence of participation factors shows that FESS and BESS play a critical
role in obtaining rapid frequency regulation and active power compensation. The influ-
ence of communication delay shows that conservative tuning utilizing the upper bound
delay estimation is a feasible way to design a load frequency controller with acceptable
frequency response.

The limitation of the proposed method is that it is not as easy-to-use as tuning rules-
based methods. Hence, future work aims at developing tuning rules for microgrid systems
with communication delay based on the proposed stability boundary locus method.
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Shanghai Science and Technology program (22015810300), Hainan Province Science and Technology
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Nomenclature
Load frequency control Af Frequency deviation
Photovoltaic Kee, Tec FC gain and time constant
Fuel cell Ky, Tpmr MT gain and time constant
Wind turbine generator Kpec, Tpeg DEG gain and time constant

Micro turbine AP

Real-power unbalance

Flywheel energy storage system  APp Load disturbance

Diesel engine generator APymT MT output power change

Battery energy storage system APpEg DEG output power change

DEG participation factor APrrss FESS output power change

FC participation factor APgrss BESS output power change

MT participation factor APrc FC output power change

BESS participation factor p.u. Per unit

FESS participation factor Apy, AwTe PV and WTG output power changes
Droop coefficient PI Proportional-integral

Microgrid FOPI Fractional-order PI

Inertia constant Tpv, Twrg PV and WTG time constants
Damping coefficient Tress, TeEss FESS and BESS time constants

Load frequency controller RESs Renewable energy sources
Distributed energy resources Gress, GBEss Transfer functions of FESS and BESS

Market operator
Energy storage systems

Grc, Gpeg, Gumr
AP¢

Transfer functions of FC, DEG, and MT
Supplementary control action
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