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Abstract——This paper highlights the inefficiency of most dis‐
tributed controls in dealing with dynamic enhancement while 
coordinating distributed generators (DGs), leading to poor fre‐
quency dynamics. To address this concern, a two-level coupling-
based frequency control strategy for microgrids is proposed in 
this paper. At the lower level, an adaptive dynamic compensa‐
tion algorithm is designed to tackle short-term and long-term 
frequency fluctuations caused by the uncertainties of renewable 
energy resources (RESs). At the upper level, an adaptive distrib‐
uted frequency consensus algorithm is developed to address fre‐
quency restoration and active power sharing. Furthermore, to 
account for the potential control interaction of the two designed 
levels, a nonlinear extended state observer (NESO) is intro‐
duced to couple their control dynamics. Simulation tests and 
hardware-in-the-loop (HIL) experiments confirm the improved 
frequency dynamics.

Index Terms——Microgrid, frequency control, inertia, dynamic 
compensation, distributed control.

I. INTRODUCTION 

THE growing application of converter-interfaced renew‐
able energy resources (RESs) imposes new challenges 

to the control of microgrids [1], [2]. In conventional island‐
ed microgrids, droop-controlled distributed generators (DGs) 
are widely adopted at the primary layer to support frequen‐
cy, ensure voltage level, and achieve reasonable power shar‐
ing [3]. However, to ensure fast response dynamics, tradition‐
al droop control only mimics the droop property of synchro‐
nous generators (SGs), making it challenging to provide suf‐
ficient inertia for microgrids. The lack of inertia can cause 

faster frequency dynamics, making the microgrids suffer 
from high rate of change of frequency (RoCoF) under distur‐
bances and uncertainties. Besides, significant fluctuations of 
RESs can also increase the frequency nadir due to the low 
damping characteristic, which may trigger protection actions 
and lead to outages throughout the microgrids [4]. There‐
fore, inertia compensation and frequency restoration technol‐
ogies have become research hotspots in recent years.

Sufficient inertia is especially essential at the beginning of 
disturbance for restraining severe frequency fluctuations [5]-
[7]. In this context, to compensate for inertia, the concept of 
virtual synchronous generator (VSG) has been proposed by 
mimicking the swing equation of SGs [8]. In recent years, to 
implement stable inertia compensation, researchers have con‐
ducted many detailed discussions on parameter configuration 
[9], [10], compensation efficiency [11]-[13], and control sta‐
bility [14]-[16] of VSGs. References [9] and [10] discuss the 
compensation of both inertia and damping, and give guid‐
ance for parameter configuration. In [12] and [13], model 
predictive control (MPC) and data-driven strategies have 
been adopted by VSGs to obtain satisfactory response char‐
acteristics. However, the same as the droop control process, 
the VSG control process is also integrated into the primary 
control of DGs. The commercial setup of DGs makes it chal‐
lenging to adjust inertia parameters according to different op‐
erating conditions.

To compensate for inertia in a more flexible manner, iner‐
tia emulation controls have received much attention recently. 
Unlike the VSG control, inertia emulation control compen‐
sates for inertia by developing additional outer feedback 
loops. For example, [17] and [18] propose extended virtual 
inertia control for energy storage systems (ESSs) and photo‐
voltaic (PV) systems to compensate for inertia, and adopt ro‐
bust controls to optimize the compensation results. In the 
same way, [19] and [20] introduce virtual inertia control 
loops for ESSs and employ MPC to optimize compensation 
coefficients. However, inertia emulation relies on fast feed‐
back of RoCoF in a very instant time. The direct design of 
outer inertia loop in the secondary control layer [17] - [20] 
and ignorance of the dynamics of the primary layer may 
lead to untimely compensations or low-frequency oscilla‐
tions caused by decoupling the executions of two layers.
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In addition to sufficient inertia support, it is also crucial to 
match the inertia and damping compensations to the opera‐
tion dynamics for the sake of power system stability. Unlike 
the plannable power generation from SGs, the power outputs 
of RESs are uncertain and periodic, causing the power sys‐
tem to simultaneously face unpredictable fluctuations in a 
short timescale and periodic outputs in a long timescale 
[21]. In power systems with high integration of photovoltaic 
(PV), power flow varies significantly between noon and mid‐
night. The inertia required at night can be much less than at 
other period of the day (especially at noon) [6]. Mismatched 
inertia compensations can degrade the dynamics of the con‐
trol system and even cause instability.

For islanded microgrids, distributed and centralized con‐
trols are the two typical practices to eliminate frequency de‐
viation and achieve accurate power sharing. Centralized con‐
trol coordinates distributed resources through centralized col‐
lection and interaction. This allows for high control accuracy 
and the ability to obtain a globally optimal solution. Howev‐
er, due to the complex communication and centralized calcu‐
lation involved, it suffers from low efficiency and instability 
[22]. In contrast, distributed control only exchanges data 
with neighbors and calculates locally, which significantly in‐
creases the control resilience [23]. In recent years, various al‐
gorithms have been adopted by distributed control to address 
related issues. For example, finite-time control algorithms 
are adopted by [24] - [28] to reduce the frequency conver‐
gence time. References [29] and [30] discuss the impacts of 
sensor/actuator faults on control performance. In addition, 
the delay and bandwidth issues are investigated in [31] and 
[32]. However, although most distributed controls employ 
DGs as the control objects, most consensus designs still ig‐
nore the reduced inertia and degraded frequency dynamics 
caused by integrated RESs and droop-controlled DGs.

Therefore, inspired by the above-mentioned limitations, 
this paper proposes a novel frequency control strategy to en‐
hance frequency stability while addressing rapid restoration. 
The major contributions can be summarized as follows.

1) A two-level coupling-based frequency control strategy 
is developed in this paper. The proposed distributed control‐
ler includes an adaptive frequency consensus algorithm and 
a dynamic compensation algorithm, which allows the control‐
ler to achieve frequency consensus, accurate power sharing, 
and dynamic enhancement simultaneously.

2) A nonlinear extended state observer (NESO) is adopted 
to couple the dynamics in different control levels. The NE‐
SO can eliminate more than ten times the decoupling time 

between different levels, which makes the system responses 
faster and better handles uncertainties than the decoupling 
methods in [17]-[20], [33], especially at the beginning of dis‐
turbances.

3) An adaptive dynamic compensation algorithm is devel‐
oped for DGs. Compared with the traditional fixed inertia 
compensations [3], [17]-[20], the adaptive dynamic compen‐
sation algorithm can better handle fast and periodic fluctua‐
tions. Additionally, the external feedback design can better 
deal with the difficulty in adjusting parameters in DGs.

4) An adaptive distributed frequency consensus algorithm 
is proposed to facilitate rapid frequency consensus and en‐
sure precise power sharing. The adaptive convergence design 
incorporated in the algorithm can expedite the recovery rate 
at far ends and minimize the chattering near equilibrium 
points.

II. PRELIMINARIES

A. Graph Theory

A system composed of one leader and N following droop-
controlled DGs is considered in this paper. We employ an 
undirected graph G ={V, E, A} to express the communication 
topology between DGs, where V ={1, 2, , N} is the agent 
set, E ={(i, j), i, j ∈V} is the edge set, and A =[aij ]N × N is the 
adjacency matrix. If there is an information flow from DGi 
to DGj, we can have aij = aji = 1; otherwise, aij = aji = 0. The 
matrix L =[lij ]N × N with elements lij =-aij if j≠i; otherwise, lii =

∑
i - 1

N

aij are the elements of the Laplacian matrix of G.

We adopt B = diag{b1, b2, , bN } as the leader matrix to 
describe the communication connection relationship between 
DGs and the leader, in which bi > 0 represents the existing in‐
formation flow from the leader to DGi [3], [30].

B. Basic Control Model of DGs

Figure 1 illustrates the control structure of droop-con‐
trolled DGs, where Qi is the output reactive power; Q*

i  is the 
measured filtered reactive power; ii is the output current; i' 
is the current reference; and Lfi, Rfi and Cfi are the induc‐
tance, resistance and capacitance of the LC filter, respective‐
ly. The droop function of frequency control is described as:

ωi =ωrefi -mPi P
*
i (1)

where ωi is the output frequency; ωrefi is the frequency con‐
trol reference; P *

i  is the measured filtered active power; and 
mPi is the droop coefficient.

Proposed

strategy

Microgrid

Power

calculation
Filter

Droop

function

Voltage

control

Power control vi

i'i

ii

P*
i

Q*
i

PiQi,

RfiLfi

Cfi
Li

LC filterOutput

connection
Current

control

DG1

ViδiVbiδbi

ωi

Fig. 1.　Control structure of droop-controlled DGs.
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The filtered active power can be expressed as (2), which 
yields (3).

P *
i =

1
τ i s + 1

Pi (2)

τ i Ṗ
*
i =-P *

i +Pi (3)

where Ṗ *
i  is the derivative of the filtered active power P *

i ; Pi 
is the real output active power; τ i is the time constant of the 
first-order low-pass filter; 1/(τ i s + 1) is the filter process; and 
s is the Laplace operator.

Combining (1) and (2), the frequency dynamics can be ex‐
pressed as [34]:

ì
í
î

ïïτ iω̇i =-mPi Pi - (ωi - urefi )

urefi = τ iω̇refi +ωrefi
(4)

where urefi is the introduced control reference from the sec‐
ondary layer. Its relationship with the frequency control ref‐
erence is expressed as ωrefi = 1/(τ i s + 1)urefi, which can be ob‐
tained by first-order filtering.

To simultaneously address frequency restoration, active 
power sharing, and dynamic compensation, the introduced 
control reference is divided into two components:

urefi = uωaci + uωdci (5)

where uωaci is the reference from adaptive compensation; 
and uωdci is the frequency reference from distributed con‐
sensus.

Remark 1: comparing (4) with the second-order swing 
equation, a droop-controlled DG is mathematically identical 
to an SG with small inertia τ i /mPi.

C. Control Structure

The control structure of the proposed strategy is given in 
Fig. 2. We adopt droop-controlled DGs as the objects, which 
is the same as most distributed control [24]-[32].

The adaptive compensation and the adaptive sliding model 
(ASM)-based distributed frequency consensus are designed 
and coupled in secondary controllers. The NESO is intro‐
duced to couple the dynamics in the primary and secondary 
layers.

III. TWO-LEVEL COUPLING-BASED FREQUENCY CONTROL 
STRATEGY

A. Adaptive Dynamic Compensation

Conventional droop control (4) cannot provide sufficient 
inertia or damping to microgrids, which will easily result in 
rapid frequency fluctuations after disturbances. In addition, 
conventional strategies such as single- and fixed-coefficient 
inertia compensation are insufficient in dealing with fast fre‐
quency and periodic fluctuations.

To compensate for inertia and damping flexibly, we intro‐
duce the adaptive dynamic compensation as:

uωaci (t)= μ1ωdi (t)(ω̇di (t))
2 + μ2 PF (t)ωdi (t) (6)

where ωdi (t)=ωi (t)- uωdci (t) is the defined frequency consen‐
sus tracking deviation; μ1 and μ2 are the positive constant co‐
efficients; and PF (t)³ 0 is the rough day-ahead power fore‐
cast given by the higher layer.

Remark 2: for adaptive compensation design (6), the first 
component μ1ωdi (t)(ω̇di (t))

2 is the inertia compensation, 
which can reduce the RoCoF when the frequency deviates 
from the steady state, and can accelerate the restoration rate 
when the frequency is back to the steady state [21]. The sec‐
ond component μ2 PF (t)ωdi (t) is the periodicity damping com‐
pensation, which can avoid large frequency overshoots or 
drops at noon or night.

The short-term compensation mechanism of μ1ωdi (t)ω̇di (t) 
is given in Fig. 3(a). The periodicity compensation mecha‐
nism μ2 PF (t) is given in Fig. 3(b).

By introducing (6) in (4), the frequency dynamics can be 
remodelled as:

(τ i + μ1ωdi (t)ω̇di (t))ω̇di (t)+ (μ2 PF (t)+ 1)ωdi (t)=-mPi Pi (t)   (7)

Assumption 1: the output connection of the investigated 
DGs is highly inductive.

Theorem 1: under Assumption 1, the proposed adaptive 
dynamic compensation (6) can stably compensate for inertia 
and damping to DGs. Proof can be found in Appendix A.

In addition, to ensure that compensation strengthens the 
frequency dynamics instead of degrading them, the follow‐
ing parameter constraints of μ1 and μ2 are discussed.

After introducing the adaptive dynamic compensation, the 
inertia Ji (t) and damping coefficient Di (t) of DGs can be ex‐
pressed as:

ì

í

î

ï
ïï
ï

ï
ïï
ï

Ji (t)=
μ1ωdi (t)ω̇i (t)+ τ i

mPi

Di (t)=
μ2 PF (t)+ 1

mPi

(8)

Then, the crossover frequency ωci (t) and damping ratio 
ξi (t) of the compensated DG can be given as:
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ì

í

î

ï
ïï
ï

ï
ïï
ï
ï
ï

ωci (t)=
1
4

-η2
i (t)+ η4

i (t)+ 4A2
i /J 2

i (t)

ξi (t)=
Di (t)

2 Ji (t)Ai

(9)

where ηi (t)=Di (t)/Ji (t) is the damping-inertia ratio; and Ai is 
a defined coefficient in Appendix A.

To enhance the operation dynamics against disturbances, 
the crossover frequency  should be ideally placed ten times 
below the nominal grid frequency ωgrid (t) to remove the ef‐
fects of line resonance [9]. Besides, the damping ratio 
should be larger than one to eliminate overshoots and oscilla‐
tions.

ì
í
î

ωci (t)£ 0.1ωgrid (t)

ξi (t)³ 1
(10)

By solving (10), we can obtain the following results.

ì

í

î

ï

ï
ïï
ï

ï

ï

ï
ïï
ï

ï

0 < μ1 £ ( )1
4Ai

- τ i

1

||ωdi (t)ω̇di (t) max

μ2 ³
1

|| PF (t)
max

( )10 5 + 2
Ai

ωgrid (t)
- 1

(11)

According to stability proof and parameter calculation, the 
proposed adaptive dynamic compensation can achieve the dy‐
namic enhancement in a stable and efficient manner.

B. Simplification of Control Model by NESO

The frequency dynamics are nonlinear, as shown in (7). 
This subsection aims to simplify the control model by the 
NESO without decoupling the controls in different layers.

A second-order control model is given in (12) with the 
control states y1 and y2, control input u, control gain b, and 
function f.

ì
í
î

ẏ1 = y2

ẏ2 = f (y1y2 )+ bu
(12)

A typical NESO can address the observation of the nonlin‐
ear and state parts, which can be given as [35]:

y =[ ŷ1 ŷ2 ŷ3 ]T®[y1 y2 f (y1y2 )]T (13)

where ŷ1 ŷ2 and ŷ3 are the observed states of y1 y2 and 
y3, respectively.

Based on the established frequency dynamics, we have:
(τ i + μ1ωdi (t)ω̇di (t))ω̇di (t)+ (μ2 PF (t)+ 1)ωdi (t)=-mPi Pi (t)+wi

(14)

where wi is an additional state to represent the unmodeled 
uncertainties of DGs and the unknown frequency/voltage 
coupling in microgrids.

Let us denote vectors [xi1 (t) xi2 (t)]T =[ωdi (t) ω̇di (t)]
T,

[yi1 (t) yi2 (t)]T =[ωi (t) ω̇i (t)]
T, and an auxiliary input state 

ui (t). We can simplify the derivative of (14) as:

ì

í

î

ïïïï

ïïïï

ẏi1 (t)= yi2 (t)

ẏi2 (t)= f (xi2 (t)xi1 (t))+ bωiui (t)

ui (t)= (μ2 PF (t)+ 1)u̇ωdci (t)-mPi Ṗi (t)

(15)

where bωi = 1/τ i is the defined control gain; and the nonlin‐
ear part f (xi2 (t)xi1 (t)) is given as:

f (xi2 (t)xi1 (t))=-bωi [2μ1 ẋi2 (t)xi2 (t)xi1 (t)+ μ1 x3
i2 (t)+

(μ2 PF (t)+ 1)ω̇i (t)- μ2 ṖF (t)xi1 (t)- ẇi ] (16)

Based on (13), we can have the observation results as 
ŷi3 (t)® f (xi1 (t), xi2 (t)), ŷi2 (t)® ω̇di (t), ŷi1 (t)®ωdi (t).

Finally, the frequency control model of the ith DG with 
adaptive compensations is reformulated as:

ì
í
î

ïï

ïï

ẏ̂ i1 (t)= ŷi2 (t)

ẏ̂ i2 (t)= ŷi3 (t)+ bωiui (t)
(17)

Remark 3: the control of DGs is complicated. Thus, the 
NESO is adopted in this paper to simplify the complicated 
model of DGs to a second-order form (15). In this simpli‐
fied model, we only retain the main processes directly relat‐
ed to the frequency control. The intermediate and coupling 
processes are separated by means of observation.

Remark 4: adopting NESO to simplify the system model 
can preserve the entire dynamics of the DG. Compared with 
the traditional time decoupling design adopted by the multi-
level system, it can avoid the selection and rejection of some 
specific fast dynamics, and prevent the slow response speed 
caused by time decoupling control between different levels.

C. Adaptive Distributed Frequency Consensus and Active 
Power Sharing

This subsection aims to address adaptive distributed fre‐
quency consensus, i. e., ωi (t)→ωn, where ωn is the global 
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frequency reference, and accurate power sharing, i. e., 
mPj Pj (t)→mPi Pi (t).

First, to solve the fast-frequency consensus among DGs in 
the microgrid, we define tracking errors ei1 and ei2 as:

ei1 (t - di )=∑
j = 1

N

aij ( ŷi1 (t - di )- ŷj1 (t - di ))+ bi ( ŷi1 (t - di )-ωn )

(18)

ei2 (t - di )=∑
j = 1

N

aij ( ŷi2 (t - di )- ŷj2 (t - di ))+ bi ŷi2 (t - di )    (19)

where di =max{dij }, and dij is the communication delay be‐
tween DGi and DGj.

To address rapid frequency convergence, a sliding mani‐
fold is designed as:

si (t)= ei2 (t)+ k1ei1 (t) (20)

where k1 is a positive coefficient.
Then, the time derivative of si (t) is expressed as:

ṡi (t)= ėi2 (t)+ k1ei2 (t) (21)

Lemma 1 (see [36]): since k1 is a positive value and 
ėi1 (t)= ei2 (t), the frequency consensus objective ei1 (t)® 0 is 
equal to the objective of si (t - di )® si (t)® 0.

To accelerate the convergence rate at the far end and 
avoid chattering near the equilibrium, an adaptive reaching 
law is designed as:

ṡi (t)=-γωi (t - di ) | si (t - di ) |κ(γωi (t - di )si (t - di ))- ηωi si (t)
(22)

where ηωi is a positive constant; and the nonlinear function 
κ(γωi (t - di )si (t - di )) is given as:

κ(γωi (t - di )si (t - di ))=
ì

í

î

ïïïï

ïïïï

sign(si (t - di ))                γωi (t - di ) || si (t - di ) ³ ϑ

γωi (t - di )
si (t - di )

ϑ
    γωi (t - di ) || si (t - di ) < ϑ

(23)

where ϑ is a small positive constant; and the state γωi (t) is 
an adaptive coefficient, which is shown by (24). It can accel‐
erate the convergence rate when the state si (t) is at the far 
end.

γωi (t - di )=-
1
λω2 ( )γ̇ωi (t - di )+ λω1 || si (t - di )

2

(24)

Based on the graph theory, the global vector form of (20) 
is expressed as:

s(t)= (L +B)[y2 (t)+ k1 (y1 (t)- INωn )] (25)

where y1 (t) is the global vector form of ŷi1 (t); y2 (t) is the 
global vector form of ŷi2 (t); and IN is the unit vector.

Based on (20)-(25), the vector-form frequency control ref‐
erence is written as:

u(t)=- [γ(t - d) | y2 (t)+ k1 (y1 (t)- INωn ) |κ(γω (t - d)s(t - d))+

η(y1 (t)- INωn )+ (k1 IN ´N + η)y2 (t)+ y3 (t)]T (26)

where γ(t - d)= diag{γω1 (t - d1 )γω2 (t - d2 )γωN (t - dN )}; 
y3 (t) is the vector form of ŷi3 (t); s(t - d)=[s1 (t - d1 )s2 (t -
d2 )sN (t - dN )]T; T = diag{τ1τ2τN }; and η =
diag{ηω1ηω2ηωN }.

Then, the frequency control reference for the ith DG can 

be expressed as:

ui (t)=- [ γωi (t - di ) || ŷi2 (t)+ k1 ( ŷi1 (t)-ωn ) ·

κ(γωi (t - di )si (t - di ))+ ηωi ( ŷi1 (t)-ωn )+

](k1 + ηωi ) ŷi2 (t)+ ŷi3 (t) τ i (27)

Remark 5: in (27), the states ŷi1 (t), ŷi2 (t), and ŷi3 (t) can 
be measured locally. The states γωi (t - di ) and si (t - di ) re‐
quire information from their neighbors for calculation, and 
are therefore subject to the impact of communication delays.

Based on (15) and (27), the control input from the distrib‐
uted control can be expressed as:

uωdci (t)=
1

μ2 PF (t)+ 1 (∫ui (t)dt +mPi Pi (t)) (28)

To further address the real power sharing among DGs, an 
auxiliary control ump

iref (t) is defined as ump
iref (t)=mPi Ṗi (t) [25].

A similar result can be obtained for power sharing control 
as:

ump
i (t)=-γmpi (t - di ) |mPi Pi (t) |κ(γmpi (t - di )eimp (t - di ))+

ηmpimPi Pi (t) (29)

where the power sharing error eimp (t - di ) and the adaptive 
state γmpi (t - di ) are given as:

eimp (t - di )=∑
j = 1

N

aij (mPi Pi (t - di )-mPj Pj (t - di )) (30)

γmpi (t - di )=-
1
λmp2 ( )γ̇mpi (t - di )+ λmp1| eimp (t - di ) |

2

   (31)

where λmp1, λmp2, and ηmpi are the positive constant values.
Finally, combining (28) and (29), we can obtain the con‐

trol input of the proposed strategy as:

uωdci (t)=
1

μ2 PF (t)+ 1 (∫ui (t)dt + ump
i (t)) (32)

Theorem 2: employing the algorithms (27) and (29), 
the control input (32) can stably address frequency con‐
vergence and active power sharing among DGs under 
communication delay conditions. Proof can be found in 
Appendix B.

Figure 4 gives the control diagram of the proposed strategy.

IV. SIMULATION AND EXPERIMENTAL STUDIES 

A microgrid modified according to the standard IEEE 34-
bus system [3], [37], [38] with six DGs has been construct‐
ed, as shown in Fig. 5(a). The communication topology is 
given in Fig. 5(b).

The parameters of the DGs and loads are given in Table I 
and Table II, respectively. Subscript “line” indicates parame‐
ters of the output lines. The distributed controllers can ex‐
change information with their neighbour controllers based on 
the data links. The control parameters are set as τ i = 1 ´ 10-2 
μ1 = 0.2 μ2 = 6 ´ 10-2, ϑ = 10-3 λω1 = 200 λω2 = 10, k1 = 200, 
and ηωi = 0.15.

A. Case 1: Test of Basic Control Performance

Several scenarios are outlined in this subsection to test the 
basic control performance. The results shown in Figs. 6 and 
7 indicate the control performance.
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According to Fig. 6(a) and (b), prior to t = 1 s, the mi‐
crogrid is only engaged with droop control. The frequencies of 
DGs deviate from the nominal value. After the proposed strate‐
gy is triggered at t = 1 s, the frequencies are recovered without 
affecting the droop-induced power sharing (Fig. 7(a)). Then, 
at t = 2 s, the connected load 1 disconnects from the mi‐
crogrid, and at t = 3 s, the value of load 2 is doubled. The re‐
sults shown in Figs. 6 and 7 illustrate that the proposed strat‐
egy can rapidly drive the frequencies of DGs back to the 
nominal value after the changes, and guarantee active power 
sharing among DGs. 
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TABLE I
PARAMETERS OF DGS

Symbol

mp1, mp6

nq1, nq6

Lf1, Lf6

Cf1, Cf6

L1, L6

Rline1, Rline6

Lline1, Lline6

Value

1×10-4

5×10-4

1.4 mH

50 μF

2.5 mH

0.25 Ω

30 mH

Symbol

mp2

nq2

Lf2

Cf2

L2

Rline2

Lline2

Value

1.5×10-4

7.5×10-4

1.4 mH

50 μF

3 mH

0.4 Ω

38 mH

Symbol

mp3, mp4, mp5

nq3, nq4, nq5

Lf3, Lf4, Lf5

Cf3, Cf4, Cf5

L3, L4, L5

Rline3, Rline4, Rline5

Lline3, Lline4, Lline5

Value

2×10-4

10×10-4

1.4 mH

50 μF

3 mH

0.35 Ω

40 mH

TABLE II
PARAMETERS OF LOADS

Symbol

RL1

LL1

Value

1.5 Ω

4.2 mH

Symbol

RL2

LL2

Value

5.5 Ω

10.8 mH

Symbol

RL3

LL3

Value

3.8 Ω

7.2 mH
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Next, at t = 4 s and t = 5 s, DG3 gets disconnected and 
connected in the microgrid, respectively. The results illus‐
trate that the proposed strategy has a superior plug-and-play 
capacity to suppress the frequency overshot and ensure the 
control stability.

B. Case 2: Comparison of Control Performance

In this case, we compare our proposed strategy with the 
result in [26]. The comparison of different strategies for 
DG6 is given in Fig. 8. The proposed strategy has a faster 
convergence rate and lower frequency nadirs against distur‐
bance than the common distributed control strategies.

C. Case 3: Comparison with Time-decoupling Condition

The frequency control performance under time-decoupling 
conditions (without NESO coupling) is given in Fig. 9, and 
the comparison of the control performance is given in Fig. 
10. 

Under the time-decoupling condition, the response time 
constants of different control levels are set to differ by 50 
times to ensure the stability.

D. Case 4: Performance Under Different Delay Conditions

Two delay conditions are configured to test the effective‐

ness under communication delay conditions. Based on the 
linear programming problem (B7) and the control parameters 
setting, a feasible solution of the maximum delay can be cal‐
culated as dmax < η® dmax < 150  ms.

1) Delay condition 1: d12 = 40 ms d23 = d34 = 35 ms d61 =
25 ms, d45 = d56 = 45 ms.

2) Delay condition 2: d12 = 100 ms d23 = d34 = 95 ms, d61 =
85 ms, d45 = d56 = 105 ms.

The results under different communication delay condi‐
tions are given in Figs. 11 and 12. 

The proposed strategy can still perform well in addressing 
frequency restoration and power sharing under the short com‐
munication delay condition. Compared with the non-delay 
performance in Fig. 6(a), the delay performance in Fig. 11 
takes a bit longer time in overshoot suppression and devia‐
tion elimination. The control results under large communica‐
tion delays are given in Fig. 12. Since the communication 
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delay is much closer to the allowable maximum delay, the 
frequency suffers from severe oscillations during the recov‐
ery period. In addition, after the system is subjected to a 
large disturbance (plug-in and out of DG3), the power ap‐
pears to oscillate faster before it turns to the steady state.

E. Case 5: Performance Under Communication Failure

The test topology under communication failure is shown 
in Fig. 13. The communication failures occur at DG4 from 
t = 2 s to t = 5  s. Besides, load 1 is disconnected from the mi‐
crogrid at t = 3 s, while load 2 is reduced by 50% at t = 4 s.

The control performance in Fig. 14 indicates that when 
the system runs stably (at t = 4 s), the appearance of the com‐
munication failure does not affect the operation stability. 
However, during the communication failure period, since 
DG4 no longer accepts the distributed consensus information 
from neighbours, it no longer participates in the coordinated 
consensus control. Its voltage and output power deviate from 
consensus references when disturbances appear at t = 3 s and 
t = 4 s. Besides, since the frequency is a global quantity, the 
frequency of DG4 still rotates with the microgrid. After 
DG4 is reconnected to the communication network (at t = 5 
s), consensus tracking is resumed for frequency, voltage, and 
active power.

F. Case 6: Testing Under Actual PV Data

In this case, we employ actual PV data to evaluate the per‐
formance in real practice. Six PVs are integrated into the mi‐
crogrid, as shown in Fig. 15. The PV outputs and the change 
of total load are shown in Fig. 16. The simulation timescale 
is scaled down to 1/100 (using 864 s instead of 86400 s a 
day for simulation) to facilitate data storage.

The frequency and voltage of each DG are stably con‐
trolled around the given references (fn = 50 Hz, vn = 380 V) 
when the proposed strategy is applied. Even when the PV 
outputs change drastically (from t = 200 s to t = 500 s), the 
frequency and voltage fluctuations are still rapidly sup‐
pressed in the allowable ranges. The power sharing result in 
Fig. 17(c) also illustrates that the proposed strategy can still 
maintain power sharing in complex microgrids.

Compared with our previous work [3], the proposed strate‐
gy further compensates for the damping, as shown in Fig. 
18. Thus, under the same disturbance conditions, the pro‐
posed strategy in this paper has a minor overshoot and a 
lower rate of change of frequency (RoCoF). 
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The overshoot of frequency and the RoCoF are both re‐
duced by about 50% during the period of dramatic power 
changes of PVs compared with previous work.

G. Case 7: Experimental Verification

Figures 19 and 20 give the control topology and experi‐

ment platform of the hardware-in-the-loop (HIL) test. The 
sampling frequency is 5000 Hz. The electrical circuit param‐
eters are similar to those in [38]. The actual PV operation da‐
ta are downloaded in RT-lab OP5700 to mimic the operation 
of the microgrid under real PV integration. Three experimen‐
tal sets are as follows.

1) Set 1: general performance test, without PV integration 
or change of compensation parameter.

2) Set 2: performance comparison, without PV integration 
but with change of compensation parameter.

3) Set 3: performance under actual PV data, without 
change of compensation parameter.

Figures 21-23 depict the general performance of this HIL 
test. The experimental waves exhibit similar tendencies to 
the results shown previously. The proposed strategy allows 
the voltage and frequency to fast converge to the consensus 
reference during disruptions. The active power sharing per‐
formance is given in Fig. 23. It can be noticed that although 
the disconnection and communication failure affect the pow‐
er sharing performance, other remaining DGs can still rebal‐
ance the remaining power.

Figure 24 shows the performance under different inertia 
compensations. To evaluate the performance, we decrease 
the value of load 3 twice and restore it twice. The blue line 
shows the value of the compensated inertia, which is initial‐
ly set to be non-zero and then regulated to zero. 
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The control performance illustrates that the adaptive com‐
pensation can reduce the RoCoF and frequency drooping na‐

dir when disturbances happen, which is consistent with the 
above simulation results.

The control performance of DG1 under PV variations is 
given in Fig. 25. The host computer imports 2 min PV data 
set to the PV converter in the RT-lab. The performance of 
DG1 and the PV output is given in Fig. 25. The reference 
and voltage are stably controlled in small ranges around the 
given references by the proposed strategy. The impact 
caused by rapid changes of PV is efficiently suppressed. The 
plug-and-play capacity is also validated in this scenario.

V. CONCLUSION

This paper presents a novel two-level coupling-based fre‐
quency control strategy for microgrids. The proposed strate‐
gy includes a dynamic compensation algorithm to supple‐
ment inertia and damping, and an ASM-based distributed fre‐
quency consensus algorithm to address frequency restoration 
and power sharing. In addition, the NESO-based coupling is 
introduced to interconnect the control dynamics at different 
levels without decoupling the timescale. The stability condi‐
tions of the control system under delays are derived by ap‐
plying the variation of Lyapunov functionals. The simulation 
and experiment results demonstrate that the proposed strate‐
gy can improve the frequency dynamics while solving fre‐
quency restorations. After a disturbance occurs in microgrid, 
the RoCoF, the deviation nadir of frequency, and the restora‐
tion period can all be reduced.

It is worth noting that some idealized assumptions are 
made in this paper for the convenience of design and proof. 
In future research, we plan to delve deeper into the impact 
of power coupling and energy saturation on the stability of 
distributed control implementation.

APPENDIX A

The delivered power from the ith DG is:

Pi =
VbiVi

Xi

sin(δi - δbi ) (A1)

where Xi is the reactance of the output connection; Vi is the 
voltage amplitude of the DG output point; Vbi is the voltage 
amplitude of the bus point; and δi and δbi are the phase an‐
gles of the DG output point and the bus point, respectively.

Combining (A1) with the dynamics (7) yields:
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(τ i + μ0 PF )ω̇di + μ1ωdiω̇
2
di + (μ2 PF + 1)ωdi =-Ai sin(δdi + δni - δbi )

(A2)

where δdi = δi - δni is the deviation of the phase angle; and 
Ai =mPiVbiVi /Xi is a defined coefficient.

Define the state [xi0xi1 ]T =[δdiωdi ]
T. Then, we construct 

the following Lyapunov candidate to verify the stability of 
the compensation mechanism.

Vai = ∫
δbi - δni

xi0

Ai sin(xi0 + δni - δbi )dxi0 +
1

2τ i

x2
i1 (A3)

The derivative of it can be expressed as:

V̇ai =Ai sin(xi0 + δni - δbi )xi1 + ẋi1 xi1 =-μ1 ẋ2
i1 x2

i1 - (μ2 PF + 1)x2
i1

(A4)

Since (A3) is positive and its differential (A4) is non-posi‐
tive, the adaptive compensation can handle stable compensa‐
tion.

APPENDIX B

According to the approaching law (22), we introduce the 
Lyapunov candidate as:

Vs = (s(t))T Ps(t)+ ∫
t - d

t

(s(t - α))TQs(t - α)dα +

dmax∫
-dmax

0 ∫
t + x

t

(ṡ(x))T Zṡ(x)dαdx (B1)

where s(t) is the compact form of the sliding manifold in 
(20); P, Q, and Z are the positive definite matrices; and α 
and x are integral states; dmax is the maximum delay that the 
system can withstand.

The derivative of Vs satisfies:

V̇s = (s(t))T2Pṡ(t)+ (s(t))TQs(t)- (s(t - d))TQs(t - d)+

dmax (ṡ(t))T Zṡ(t)- ∫
t - dmax

t

(ṡ(x))T Zṡ(x)dx (B2)

Based on (23), if γ(t - d) | s(t - d) | ³ ϑIN ´N, we have κ(γ(t -
d)s(t - d))= sign(s), and (B2) is rewritten as:

V̇s1 £-s(t)T2P(r(t - d)s(t - d)- ηs(t))+ (s(t))TQs(t)-
(s(t - d))TQs(t - d)+ dmax (r(t - d)s(t - d)- ηs(t))T ×
Z(r(t - d)s(t - d)- ηs(t))- d -1

max (s(t)- s(t - dmax ))T ×

Z[s(t)- s(t - dmax )]£X(t)T
é

ë

ê

ê
êê
ê

ê ù

û

ú

ú
úú
ú

úΞ11 Ξ12 Ξ13

Ξ T
12 Ξ22 Ξ23

Ξ T
13 Ξ T

23 Ξ33

X(t)   (B3)

where (X(t))T =[(s(t))T(s(t - d))T(s(t - dmax ))T ].
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Ξ11 =Q - 2Pη + dmaxη
TηZ

Ξ12 = (dmaxηZ -P)R

Ξ13 =Z/dmax

Ξ22 =RT R -Q

Ξ23 = 0

Ξ33 = dmax Z

R = r(t - d)

(B4)

where R is an auxiliary matrix. Then, if γ(t - d) | s(t - d) | <
ϑIN ´N, (B2) can be written as:

V̇s2 £(X(t))TΦ3 ´ 3 X(t) (B5)

where the elements in matrix Φ3 ´ 3 are given as:
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Φ11 =Q - 2Pη + dmaxη
TηZ

Φ12 = (dmaxηZ -P)M

Φ13 =Z/dmax

Φ22 =M T M -Q

Φ23 = 0

Φ33 = dmax Z

M = (r(t - d))Tr(t - d) || s(t - d) < ϑr(t - d)

(B6)

where M is an auxiliary matrix. Since r(t - d)³ 0, if we set 
dmaxηZ =P, we can express the functions (B3) and (B5) as 
V̇s2 < V̇s2. Thus, the stability issue V̇s < 0 turns into the proof 
of Φ3 ´ 3 < 0, which can be satisfied by regulating the values 
of η and dmax.

In addition, when the value of η is determined, the maxi‐
mum delay dmax can be obtained by solving:

{max dmax

s.t.  Φ < 0
(B7)

Similar to the proof above, the microgrid with control al‐
gorithm for power sharing (29) also can be proven stable.
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