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Abstract This study proposes a distributed secondary control scheme based on distributed robust iterative learning control

(DRILC) for islanded alternating current (AC) microgrids subjected to external disturbances. By employing the decoupled

sliding mode consensus approach, voltage regulation, frequency restoration, and accurate active power sharing can be achieved

within a finite time on the proposed novel integral terminal sliding mode (ITSM) manifold. Furthermore, the appropriate

iterative update law in the ITSM-based controller is utilized to learn and eliminate external disturbances as effectively as

possible. In the proposed control scheme, the iterative learning control and sliding mode control are designed to function in a

complementary manner, which enhances the performance of the secondary control scheme for multi-objective regulations. The

stability criteria and robustness to external disturbances of the closed-loop microgrid system in the iteration and time domains

are also rigorously derived with the help of the Lyapunov direct method. Finally, the effectiveness of the proposed secondary

control scheme is validated by case studies of an islanded AC microgrid test system in the MATLAB/SimPowerSystems

software environment.
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1 Introduction

The alternating current (AC) microgrid is a cyber-physical system that has been considered a promising
approach to integrating large amounts of renewable power sources into traditional bulk electric power
systems via AC inverters [1]. An AC microgrid can be regarded as a controllable aggregated entity
consisting of distributed generators (DGs), energy storage devices, and loads [2]. The microgrid can
connect and disconnect from the conventional power grid to enable it to operate in grid-connected or
islanded mode [3]. In the grid-connected mode, the voltages and frequencies of all DGs in the microgrid
are regulated by the connected main power grid [4]. In this case, the dynamic performance of the grid-
connected microgrid is mainly determined by the main grid [5]. Meanwhile, the reliable operation of the
microgrid operating in islanded mode mainly relies on the control strategy because of the low inertia and
fast-changing operating conditions [6].

The stabilized islanded microgrid control system is commonly implemented through the multilayer
hierarchical control structure, including primary, secondary, and tertiary control levels [7]. In this regard,
the so-called primary control layer based on each local controller of DGs and local information is utilized
for voltage and frequency regulation [8]. However, there is an inherent deficiency with the droop control
technique generally adopted in the primary control layer, which leads to deviations of frequencies and
voltage amplitudes [9]. Therefore, the secondary control layer is responsible for the compensation of
deviations caused by the droop control technique. The tertiary control layer is utilized to achieve economic
dispatch and power flow optimization [10].

Different from the conventional centralized control structure for microgrids implemented through a
central control unit, which will bring some undesirable issues, including high calculation pressures and
single point failures, the distributed control structure achieves information exchange of DGs through a
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sparse communication network [11, 12]. Therefore, the distributed control structure has advantages over
the centralized control structure of easier expansion, faster data processing, and lower communication
consumption [13,14]. Because of this, numerous secondary control schemes based on the distributed coop-
erative control of multi-agent systems were proposed for islanded microgrids to achieve voltage/frequency
restoration [15], active/reactive power sharing [16, 17], and cluster regulations [18, 19]. However, most
of the existing secondary controllers are designed without considering external disturbances, which will
affect the dynamics of DGs. Thus, the control performance of these conventional consensus algorithms
will inevitably deteriorate in the presence of external disturbances [20, 21].

In AC microgrids, sudden and rapid external disturbances caused by system uncertainties, intermittent
renewable energy resources, and random fluctuations of loads [22] have significant impacts on the accuracy
and performance of the secondary control scheme [23], which may cause deviations of voltages and
frequencies and result in poor power quality and instability of microgrids [24]. As a system with a high
proportion of power electronics, the requirement of microgrids for fast transient response will further
amplify the effect of external disturbances on the control system [25]. In efforts to enhance the reliability of
the distributed secondary control scheme, the sliding-mode-based consensus has been investigated because
of its simplicity and robustness [26–31]. In [26], an extended state Kalman–Bucy filter and fast terminal
sliding-mode-based distributed secondary control method was proposed for the resilient operation of an
islanded microgrid. Then, a fixed-time algorithm-based distributed robust secondary control protocol
was proposed in [27] to address the unknown external bounded disturbance. By utilizing the full-order
terminal sliding mode approach, in [28], a distributed secondary control scheme was developed to address
the problem of islanded AC microgrids with external disturbances. Considering the unmodeled dynamics
and external disturbances, a robust, fully distributed, finite-time secondary control scheme was proposed
in [29] to restore the voltages and frequencies of inverter-based DGs. Subsequently, in [30], a chattering-
free sliding-mode-based distributed algorithm relying on an ad hoc input dynamic extension technique was
designed to enhance the robustness of the system to uncertainties, disturbances, and unmodeled dynamics.
Moreover, a distributed sliding-mode-based fault-tolerant secondary control method was proposed for the
reliable operation of AC microgrids with external disturbances and actuator faults [31]. Nevertheless,
the proposed sliding-mode-based secondary controllers in [28, 31] can only realize frequency regulation;
meanwhile, the requirement of active power sharing is ignored. In summary, robust consensus-based
distributed secondary control schemes in the aforementioned literature still have the following drawbacks:
the robust control part deals with external disturbances through a passive approach and cannot learn
actively, and the overly conservative robust design harms the control performance of the microgrid system.

In practice, microgrids are prone to both unstructured disturbances, such as faults, contingencies, and
poor operating conditions, and structured disturbances caused by small but long-lasting perturbations
in the inherent uncertainties of DGs. Notably, the existing sliding mode control (SMC)-based secondary
control scheme works as a passive approach to deal with the disturbance, i.e., the aforementioned in-
terference cases all boiled down to lumped disturbances, which are compensated by the robust control
part, and the overestimated worst situation leads to the excessively high gain selection, which weakens
the steady-state performance. Therefore, it is necessary and significant to design distributed secondary
controllers via an active learning method to address external disturbances.

To deal with the aforementioned challenges, this study proposes a robust iterative learning control
(RILC)-based, fully distributed, finite-time secondary control scheme for voltage regulation, frequency
restoration, and accurate active power sharing of an islanded AC microgrid. To facilitate the implemen-
tation of iterative learning control (ILC), the nonperiodic secondary control process of the microgrid is
divided into numerous periods for iterative learning. Stability analysis in the time and iteration domains
for the microgrid control system based on the developed strategy is also conducted. Moreover, the pro-
posed distributed robust iterative learning control (DRILC) approach is oriented toward non-repetitive
time domain leader-follower consensus tasks, which makes our results essentially different from the exist-
ing ILC in implementation and application. The main contributions of this study can be summarized as
follows.

(1) A novel distributed secondary control scheme for voltage regulation, frequency restoration, and ac-
curate active power sharing of islanded AC microgrids with external disturbances is proposed. The control
scheme is formed by combining SMC and ILC. The introduced recursive control part can significantly
learn and eliminate external disturbances, enhance dynamic performances, and suppress steady-state fluc-
tuations. This hybrid algorithm overcomes shortcomings of conventional robust control methods [26, 27]
and provides a reliable implementation framework of the ILC in microgrids.
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(2) Two novel distributed integral terminal sliding manifolds are proposed to guarantee that all sec-
ondary control objectives can be achieved under the scenario of external disturbance within finite time.
Different from the controllers designed in [28–30] that could not achieve accurate active power shar-
ing, and the architecture of separate frequency restoration and active power sharing controllers designed
in [13, 14, 25] without considering the effect of external disturbances, frequency restoration and active
power sharing can be achieved simultaneously on the ideal sliding manifold.

(3) In contrast to the method employed in [15] and the continuous SMC protocol-based approach
utilized in [28], the proposed secondary control scheme has a strong anti-jamming capability toward
unknown bounded external disturbances and can rapidly reach consensus. Therefore, the proposed sec-
ondary control scheme improves the robustness and control performance of the islanded AC microgrid.

The remainder of this paper is organized as follows: In Section 2, a series of preliminaries about the
graph theory, the DG model, and the hierarchical control architecture, as well as the main objectives, are
described. In Section 3, the design of the robust iterative-learning-based secondary control scheme and
the corresponding stability analysis, as well as the detailed algorithm implementation, are expounded.
In Section 4, the numerical results are presented. In Section 5, the conclusion is drawn.

Notations. Throughout this paper, let sigµ(⋆) = |⋆|
µ
sgn(⋆) with sgn(⋆) being the signum function.

A
T and λmin(A) are the transpose and minimum eigenvalues of the matrix A, respectively. ‖⋆‖ is the

Euclidean norm of ⋆.

2 System description and preliminaries

2.1 Communication network among DGs

The algebraic directed graph (digraph) theory is adopted here to describe the communication network
structure of an islanded AC microgrid. The model of the communication topology for islanded AC
microgrid with N DGs (labeled 1 through N ) can be described as a digraph G = (V , E ,A). The vertex
set V = {v1, v2, . . . , vN} represents all DGs. The set for communication links for information exchange
Eij in a directed network G can be defined as the ordered pair of nodes Eij = {(vi, vj), vi, vj ∈ V }, which
means that DGi can receive information from DGj. The adjacency matrix A = [aij ]N×N with elements
aij > 0 and aii = 0, if and only if (vi, vj) ∈ E , aij > 0; otherwise, aij = 0. The set of neighbors of
the ith DG is expressed as Ni = {vj ∈ V |(vi, vj) ∈ E }. The Laplacian matrix of G is described as

L = [lij ] ∈ R
N×N with lii =

∑N
j=1 aij for i = 1, 2, . . . , N and lij = −aij for i 6= j.

In addition, a portion of DGs can receive the information on reference levels for frequency and volt-
age generated from a virtual leader DG, which cannot receive information from any other follower DG.
The augmented digraph Ĝ is utilized to describe the interconnection topology of an AC microgrid con-
sisting of one virtual leader DG (denoted by 0) and N follower DGs (denoted by 1, 2, . . . , N). The
communication topology between the leader and followers can be defined as the leader adjacency matrix
B = diag(b1, . . . , bN), where bi = 1 means the follower DGi can receive information from the virtual
leader DG; otherwise, bi = 0.

Assumption 1. The augmented digraph Ĝ contains a directed spanning tree with the virtual leader
as the root. Therefore, L+B is full rank [28].

2.2 Primary and secondary controls for microgrids

Amicrogrid with multiple DGs is essentially a parallel system of multiple inverter sources, and the DG unit
consists of a direct current source, a voltage source converter, a series inductor and capacitor (LC) filter,
and a resistor and inductor (RL) output connector. Figure 1 shows the structure and control scheme
for the ith DG. The current, voltage, and power control loops are utilized in each DG to implement
primary control. With the nominal set point vnomi (t) and ωnom

i (t) provided by the secondary control
procedure, the power control loop generates d - and q-axis output voltage set points vodiref(t) and voqiref(t)

and the voltage control loop generates the current references iLd
iref and iLq

iref for the current control loop.
Then, proportional-integral controllers are employed in the current control loop to regulate the outputs
of the inverter by the pulse width modulation mode. The common d -q reference frame transformation is
utilized, and the dynamics of DGs is transformed with the common rotational frequency. Notably, the
existing external disturbances may impact the output of secondary control and cause the deviation of
nominal set points, which will lead to the secondary control objective not being achieved.
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Figure 1 (Color online) Schematic of the primary control and the proposed distributed robust iterative learning control (DRILC)

algorithms for the ith distributed generator.

2.2.1 Primary control

To maintain the stability of frequency and voltage, the droop control principle in the primary control
layer is utilized as the power control loop [32], which can be expressed as follows:

ωi(t) = ωnom
i (t)−mP

i Pi(t), vmag
i (t) = vnomi (t)− nQ

i Qi(t), (1)

where ωi(t) and vmag
i (t) are the angular frequency and actual output voltage magnitude of the ith DG

at time t, respectively; Qi(t) and Pi(t) are the reactive and active powers, respectively; and mP
i and nQ

i

are the associated droop coefficients.
The active power Pi and reactive power Qi are obtained using a first-order low-pass filter [33], i.e.,

Pi(t) =
ωc
i

ωc
i + s

Pm
i (t), Qi(t) =

ωc
i

ωc
i + s

Qm
i (t), (2)

where ωc
i is the cutoff frequency of the first-order low-pass filter installed in the power control loop. Pm

i

and Qm
i are the instantaneous active and reactive powers, which can be calculated from the measured

output voltage and current, respectively [34], as follows:

Pm
i = vodi iodi + voqi ioqi , Qm

i = vodi ioqi − voqi iodi , (3)

where vodi , voqi , iodi , and ioqi are the output voltage voi and output current ioi in the d -q reference frame.
In the primary voltage control strategy, the output voltage magnitude reference is projected on the

d -axis of the reference frame of the ith DG to obtain the following expression:

vodiref(t) = vnomi (t)− nQ
i Qi(t), voqiref(t) = 0, (4)

where vodiref(t) and voqiref(t) are the d - and q-axis output voltage set points, respectively. The magnitude

of the ith DG output voltage is vmag
i (t) =

√

(vodi (t))2 + (voqi (t))2 and voqi (t) = 0. Therefore, the droop
control principle of the ith DG expressed in (1) can be rewritten as follows [35]:

ωi(t) = ωnom
i (t)−mP

i Pi(t), vodi (t) = vnomi (t)− nQ
i Qi(t), (5)

which means that the secondary voltage regulation can be achieved by designing vnomi such that the
d -axis output voltage vodi → vDES and the secondary frequency restoration is equivalent to the goal of
selecting ωnom

i such that the frequency ωi → ωDES, where vDES and ωDES are the desired constant values
of voltage magnitude and frequency, respectively, which are provided by the virtual leader DG0.
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2.2.2 Distributed secondary control

By taking the time derivative of (5) and considering the microgrids that operate under noisy circumstances
[27], we obtain the following expression:

ω̇i(t) = ω̇nom
i (t)−mP

i Ṗi(t) = uω
i (t) + φω

i (t), v̇odi (t) = v̇nomi (t)− nQ
i Q̇i(t) = uv

i (t) + ϕi(t), (6)

where uω
i (t) and uv

i (t) are the distributed frequency and voltage auxiliary controllers to be designed,
respectively, and φω

i (t) and ϕi(t) are the unknown bounded external disturbance injection of frequency
and voltage control, respectively. Moreover, let

mP
i Ṗi(t) = uP

i (t) + φP
i (t), (7)

where uP
i (t) is the active power auxiliary controller and φP

i (t) is the unknown bounded external distur-
bance injection of active power control.

Based on (6) and (7), nominal set points for the ith DG can be derived as follows:

ωnom
i (t) =

∫ t

0

(

uω
i (τ) + uP

i (τ) + φi(τ)
)

dτ, vnomi (t) =

∫ t

0

(

uv
i (τ) + nQ

i Q̇i(τ) + ϕi(τ)
)

dτ, (8)

where the lumped disturbance φi(t) = φω
i (t) + φP

i (t).
To compensate for the voltage and frequency deviations caused by the primary control procedure,

the distributed secondary control procedure is applied to generate different nominal set points vnomi (t)
and ωnom

i (t) for different DGs to regulate the output voltage magnitudes and frequencies of all DGs to
synchronize to the reference level and the active powers of all DGs to achieve precise active power sharing.

2.3 Problem formulation

Based on the previously presented discussion, the main objective of this study is to explore a distributed
secondary control scheme (uv

i , u
ω
i , and uP

i in (6) and (7)) that works under noisy circumstances to address
two distributed secondary control problems in islanded microgrids, which can be expressed as follows [36].

(1) For frequency control, the control set point ωnom
i (t), i ∈ V is designed to achieve finite-time fre-

quency restoration and finite-time active power sharing, i.e.,

lim
t→T

∣

∣ωi(t)− ωDES
∣

∣ = 0, ωi(t) = ωDES, ∀t > Tω, ∀i ∈ V ,

where T is upper-bounded by the finite time Tω, and

lim
t→T

∣

∣mP
i Pi(t)−mP

j Pj(t)
∣

∣ = 0, mP
i Pi(t) = mP

j Pj(t), ∀t > TP , ∀i, j ∈ V ,

where T is upper-bounded by the finite time TP .
(2) For voltage control, the nominal set point vnomi (t), i ∈ V is designed to realize finite-time voltage

regulation, i.e.,
lim
t→T

∣

∣vodi (t)− vDES
∣

∣ = 0, vodi (t) = vDES, ∀t > T v, ∀i ∈ V ,

where T is upper-bounded by the finite time T v.
Because of the inherent contradiction between precise voltage regulation and reactive power sharing

caused by the line impedance effect, we mainly focus on the precise voltage regulation.

2.4 Imaginary iteration period

To express the implementation of the ILC strategy in microgrids, we divide the unrepeatable secondary
control process of microgrids into numerous periods with the same control task (vodi → vDES and ωi →
ωDES) for iterative learning. As shown in Figure 2, the imaginary iteration period can be represented
by a finite-time sequence of nonempty and bounded intervals [Tk, Tk+1) with T0 = 0 and k = 0, 1, 2, . . .,
representing the kth round iteration index, as shown in Figure 2. During each interval [Tk, Tk+1), there
is a continuous period [T 0

k , T
T∗
k ) with T 0

k = Tk and T T∗
k = Tk+1, satisfying T T∗

k − T 0
k = T ∗, where T ∗

is the time length of the imaginary iteration period. Therefore, the time t can be defined as T ℓ
k , where

ℓ ∈ [0, T ∗] and k = 0, 1, 2, . . . Notably, k and ℓ are introduced to illustrate the iterative process more
clearly; thus, the timestamp T ℓ

k is essentially not different from the traditional timestamp t.
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Figure 2 (Color online) Time diagram of the imaginary iteration period.

3 Distributed robust iterative learning control

3.1 Distributed secondary voltage regulation

In this subsection, we focus on the voltage regulation problem, according to the d -axis output voltage
dynamic expressed in (6) and by introducing the expression of time in both time and iteration domains,
the following relation can be obtained:

v̇odi (T ℓ
k) = uv

i (T
ℓ
k) + ϕi(T

ℓ
k), (9)

where ϕi(T
ℓ
k) is the external disturbance.

Assumption 2. The external disturbance ϕi(T
ℓ
k) can be divided into the structured external distur-

bance ϕS
i (T

ℓ
k), which is periodic in each imaginary iteration period [Tk, Tk+1), i.e., ϕ

S
i (T

ℓ
k) = ϕS

i (T
ℓ
k+1),

and the unstructured external disturbance ϕUS
i (T ℓ

k). Then, we derive ϕi(T
ℓ
k) = ϕS

i (T
ℓ
k) + ϕUS

i (T ℓ
k).

Assumption 3. The external disturbances ϕi(T
ℓ
k), ϕ

S
i (T

ℓ
k), and ϕUS

i (T ℓ
k), where i ∈ V , satisfy

∣

∣ϕi(T
ℓ
k)
∣

∣ 6

ϕ̄i,
∣

∣ϕS
i (T

ℓ
k)
∣

∣ 6 ϕ̄S
i , and

∣

∣ϕUS
i (T ℓ

k)
∣

∣ 6 ϕ̄US
i , respectively.

3.1.1 Sliding manifold and controller design

We first define the lumped tracking error of the output voltage magnitude evi (T
ℓ
k) =

∑N

j=1 aij(v
od
j (T ℓ

k)−

vodi (T ℓ
k)) + bvi (v

DES − vodi (T ℓ
k)) and then construct the integral terminal sliding manifold as follows:

svi (T
ℓ
k) = vodi (0)− vodi (T ℓ

k) + cv
∫ T ℓ

k

0

sigµ (evi (τ)) dτ, (10)

where cv > 0, 0.5 < µ < 1, vodi (0) is the initial value of the output voltage magnitude. Notably, svi (0) = 0,
i.e., the initial value of the sliding mode variable is on the origin.

The robust iterative-learning-based distributed controller is designed with the following forms:

uv
i (T

ℓ
k) = ϕ̂v

i (T
ℓ
k) + wv

i (T
ℓ
k) + cvsigµ

(

evi (T
ℓ
k)
)

, (11)

ϕ̂v
i (T

ℓ
k) = ϕ̂v

i (T
ℓ
k−1) + αvsvi (T

ℓ
k−1), (12)

wv
i (T

ℓ
k) = (0.5αv + γv)svi (T

ℓ
k) + βvsgn

(

svi (T
ℓ
k)
)

, (13)

where ϕ̂v
i (T

ℓ
k) is the recursive control part and wv

i (T
ℓ
k) is the robust control part; α

v is the ILC gain, βv is
the robust control gain, and γv is the feedback control gain, which are all positive constants; and ϕ̂v

i (T
ℓ
k−1)

and svi (T
ℓ
k−1) are the recursive control part and sliding variable in the last imaginary iteration period,

respectively. Usually, for the first iteration period, the recursive control part ϕ̂v
i (T

ℓ
0 ) = 0 is directly set

as 0, i.e., ϕ̂v
i (T

ℓ
−1) = 0 and svi (T

ℓ
−1) = 0, ∀ℓ ∈ [0, T ∗).

3.1.2 Convergence on the sliding manifold

In this subsection, we will prove that the finite-time voltage regulation can be achieved if the designed
controller uv

i (T
ℓ
k) can drive the lumped tracking error of the output voltage magnitude evi (T

ℓ
k) maintained

on the ideal sliding manifold svi (T
ℓ
k) = ṡvi (T

ℓ
k) = 0; thus, we derive the following sliding dynamic:

v̇odi − cvsigµ
(

evi (T
ℓ
k)
)

= 0. (14)
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Given ṽodi (T ℓ
k) = vodi (T ℓ

k) − vDES, ev(T ℓ
k) = (L + B)ṽod(T ℓ

k) can be obtained, where the vector of the

lumped tracking error ev(T ℓ
k) = [ev1(T

ℓ
k), . . . , e

v
N(T ℓ

k)]
T and ṽ

od(T ℓ
k) = [ṽod1 (T ℓ

k), . . . , ṽ
od
N (T ℓ

k)]
T. Then, we

will prove that evi (T
ℓ
k) can converge to 0 in finite time on the sliding manifold.

We construct a Lyapunov function candidate of

V (T ℓ
k) =

N
∑

i=1

2κv
i

µ+ 1

∣

∣evi (T
ℓ
k)
∣

∣

µ+1
. (15)

By taking the time derivative of V (T ℓ
k), we obtain the following expression:

V̇ (T ℓ
k) = 2

N
∑

i=1

κv
i sig

µ(evi
(

T ℓ
k)
)

ėvi (T
ℓ
k) = 2

(

sigµ(ev
(

T ℓ
k)
))T

C
v
K

v(L+B)sigµ(ev
(

T ℓ
k)
)

, (16)

where C
v = diag(cv1 , c

v
2, . . . , c

v
N ), Kv = diag(κv

1 , κ
v
2, . . . , κ

v
N) with [κv

1 , κ
v
2, . . . , κ

v
N ]T = ((L+B)T)−11N .

Given H = C
v
K

v(L+B) + (L+B)TCv
K

v > 0, we derive the following inequality:

V̇ (T ℓ
k) 6 −2λmin(H)

(

sigµ(ev
(

T ℓ
k)
))T

sigµ(ev
(

T ℓ
k)
)

6 −2λmin(H)
N
∑

i=1

∣

∣evi (T
ℓ
k)
∣

∣

2µ
. (17)

Based on Lemma 1 in [37], the inequality can be further calculated as follows:

N
∑

i=1

|evi (t)|
2µ

> N1−2µ

(

N
∑

i=1

|evi (t)|

)2µ

> N1−2µ

(

µ+ 1

κmax

)

2µ
µ+1

(

N
∑

i=1

κv
i

µ+ 1
|evi (t)|

µ+1

)

2µ
µ+1

, (18)

where κmax = max{κv
1, κ

v
2, . . . , κ

v
N}.

Therefore, we obtain the following expression:

V̇ (T ℓ
k) 6 −

N1−2µλmin(H)

2(κmax

µ+1 )
2µ

µ+1

(

V (T ℓ
k)
)

2µ
µ+1 . (19)

By applying Lemma 3 in [38], which states that V (T ℓ
k) can converge to 0 in finite time, we derive the

following expression:

T v =
2(µ+ 1)(κmax

µ+1 )
2µ

µ+1 (V )
1−µ
µ+1 (0)

N1−2µ(1− µ)λmin(H)
. (20)

Therefore, we conclude that the distributed finite-time voltage regulation can be achieved in a finite
time T v.

Remark 1. Different from the sliding manifold design reported in [26, 31, 39], the designed sliding
manifold ensures that the output voltage amplitudes of DGs vodi (T ℓ

k) are coupled on the sliding manifold,
whereas the sliding mode states are decoupled from the sliding manifold. Therefore, the reachability of
the integral terminal sliding mode (ITSM) under the designed control law can be proven independently.

3.1.3 Reachability of the ITSM in the iteration domain

We prove the stability of the iterative learning system, i.e., the lumped tracking error can reach the integral
terminal sliding manifold svi (t) = 0 from the initial time instant under the designed controller expressed
in (11)–(13), and the recursive control part can compensate for the structured external disturbance in
the iteration domain. By taking the derivative of svi (T

ℓ
k) with respect to time t, we obtain the following

expression:

ṡvi (T
ℓ
k) = −ϕ̂v

i (T
ℓ
k)− wv

i (T
ℓ
k)− ϕS

i (T
ℓ
k)− ϕUS

i (T ℓ
k). (21)

Let ϕv
i (T

ℓ
k) , −ϕS

i (T
ℓ
k) such that Eq. (21) can be rearranged as follows:

ϕ̂v
i (T

ℓ
k) + wv

i (T
ℓ
k) = ϕv

i (T
ℓ
k)− ϕUS

i (T ℓ
k)− ṡvi (T

ℓ
k). (22)
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Give the following Lyapunov function:

Ei(k) =

∫ TT∗

k

T 0
k

[ϕv
i (τ) − ϕ̂v

i (τ)]
2 dτ, (23)

the difference in the Lyapunov function between two successive trials can be expressed as follows:

∆Ei(k) = Ei(k + 1)− Ei(k) =

∫ TT∗

k+1

T 0
k+1

(ϕv
i (τ) − ϕ̂v

i (τ))
2
dτ −

∫ TT∗

k

T 0
k

(ϕv
i (τ) − ϕ̂v

i (τ))
2
dτ. (24)

Substituting the recursive control part in (12) into the first term in (24), the following expression can be
obtained:

Ei(k + 1) =

∫ TT∗

k+1

T 0
k+1

(ϕv
i (τ) − ϕ̂v

i (τ))
2
dτ =

∫ TT∗

k+1

T 0
k+1

(ϕv
i (τ)− ϕ̂v

i (τ − T ∗) + αvsvi (τ − T ∗))
2
dτ, (25)

and considering the structured external disturbance ϕS
i (T

ℓ
k) = ϕS

i (T
ℓ
k+1), Eq. (25) can be rearranged as

follows:

Ei(k + 1) =

∫ TT∗

k

T 0
k

(ϕv
i (τ) − ϕ̂v

i (τ) + αvsvi (τ))
2 dτ. (26)

Therefore, the difference in the Lyapunov function between two successive trials can be rewritten as
follows:

∆Ei(k) =

∫ TT∗

k

T 0
k

[

(ϕv
i (τ) − ϕ̂v

i (τ) − αvsvi (τ))
2
− (ϕv

i (τ)− ϕ̂v
i (τ))

2
]

dτ

=

∫ TT∗

k

T 0
k

[

(αvsvi (τ))
2
− 2αvsvi (τ) (ϕ

v
i (τ) − ϕ̂v

i (τ))
]

dτ.

(27)

According to the inverse dynamic expressed in (22), we derive the following equation:

ϕv
i (T

ℓ
k)− ϕ̂v

i (T
ℓ
k) = wv

i (T
ℓ
k) + ϕUS

i (T ℓ
k) + ṡvi (T

ℓ
k). (28)

Using the relation in (28), we obtain the following expression:

∆Ei(k) =

∫ TT∗

k

T 0
k

[

(αvsvi (τ))
2
− 2αvsvi (τ)

(

wv
i (τ) + ϕUS

i (τ) + ṡvi (τ)
)

]

dτ

=

∫ TT∗

k

T 0
k

[

(αvsvi (τ))
2
− 2αvsvi (τ)

(

wv
i (τ) + ϕUS

i (τ)
)

]

dτ − αv
(

svi (T
T∗
k )
)2

+ αv
(

svi (T
0
k )
)2

.

(29)

Substituting the robust control part in (13) into (29), the following expression can be obtained:

∆Ei(k) 6

∫ TT∗

k

T 0
k

[

−2αv(βv −
∣

∣ϕUS
i (τ)

∣

∣) |svi (τ)| − 2αvγv (svi (τ))
2
]

dτ − αv
(

svi (T
T∗
k )
)2

+ αv
(

svi (T
0
k )
)2

.

(30)
If the robust control gain βv satisfies βv > ϕ̄US

i , then we can derive the following relation:

∆Ei(k) 6 −2αvγv

∫ TT∗

k

T 0
k

(svi (τ))
2
dτ − αv

(

svi (T
ℓ
k)
)2

+ αv
(

svi (T
0
k )
)2

. (31)

By taking the summation of ∆Ei(k) up to k, we obtain the following expression:

k
∑

h=0

∆Ei(h) = Ei(k + 1)− Ei(0) 6 αv

k
∑

h=0

[

(

svi (T
0
h)
)2

−
(

svi (T
T∗
h )
)2

− 2γv

∫ TT∗

h

T 0
h

(svi (τ))
2
dτ

]

. (32)
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Thus, it follows from the relationship of the imaginary iteration period svi (T
T∗
k ) = svi (T

0
k+1) and the initial

condition of the proposed integral terminal sliding manifold svi (T
0
0 ) = 0 that

k
∑

h=0

∆Ei(h) 6 −2αvγv

k
∑

h=0

∫ TT∗

h

T 0
h

(svi (τ))
2
dτ. (33)

Therefore, the iteration approximation error ϕ̂v
i (T

ℓ
k)+ϕS

i (T
ℓ
k) can converge to 0 as the iteration progresses.

From (33), we can derive the following expression:

2αvγv

k
∑

h=0

∫ TT∗

h

T 0
h

(svi (τ))
2
dτ 6 Ei(0). (34)

Taking the limit of k → ∞ leads to
∫ TT∗

k

T 0
k

(svi (τ))
2
dτ = 0, (35)

which illustrates that the sliding mode variable svi (T
ℓ
k) will be maintained on the ideal sliding manifold

svi (T
ℓ
k) = 0 under the designed controller in the kth imaginary iteration period if k → ∞. This completes

the proof.

Remark 2. The designed controller expressed in (11)–(13) has the advantages of both the ILC and SMC
controllers. The recursive control part updates in every imaginary iteration period based on (12) and
learns to compensate for the structured external disturbance ϕS

i (T
ℓ
k). Moreover, the robust control part

exhibits the same properties as the sliding mode in the time domain because of the high-frequency switch-
ing function βvsgn(svi (T

ℓ
k)), which can compensate for the unstructured external disturbance ϕUS

i (T ℓ
k) and

maintain the lumped tracking error on the ideal sliding manifold svi (T
ℓ
k) = 0.

Remark 3. The ILC schemes are well known to be sensitive to the initial zeroing condition, i.e.,
the initial state of the system output must be the same as the desired trajectory [40], which makes it
impossible for the conventional ILC to be implemented in microgrids. In this study, the proposed method
removes the resetting condition by adopting an integral terminal sliding manifold, which can eliminate
the reaching phase from the initial time instant, i.e., svi (0) = 0. Moreover, the assumption imposed on
the terminal and initial system states svi (T

ℓ
k) = svi (T

0
k+1) for any consecutive imaginary iteration period

in the practice microgrid system is reasonable. Therefore, the proposed method can be utilized in the
practice microgrid system.

Remark 4. In the proposed control scheme, the ILC and SMC are made to function in a complementary
manner, which enhances the performance of the secondary control scheme. Notably, if the recursive
control part is removed, i.e., ϕ̂(T ℓ

k) = 0, then the proposed method will degenerate into the integral
terminal sliding mode control (ITSMC) approach. The removal of the recursive control part will trigger
the robust controller to exert more effort, which leads to the deterioration of the control performance.

3.1.4 Reachability of the ITSM in time domain

In this subsection, we will prove that the lumped tracking error can be maintained on the integral
terminal sliding manifold svi (T

ℓ
k) = 0 from the initial time instant under the designed controller expressed

in (11)–(13) in the time domain.
From (21), the time derivative of the sliding manifold is obtained as follows:

ṡvi (T
ℓ
k) = −ϕ̂v

i (T
ℓ
k)− wv

i (T
ℓ
k)− ϕi(T

ℓ
k). (36)

Then, further substituting (12) and (13) into (36), the following expression can be obtained:

ṡvi (T
ℓ
k) = −ϕ̂v

i (T
ℓ
k)− ϕi(T

ℓ
k)− (0.5αv + γv)svi (T

ℓ
k)− βvsgn

(

svi (T
ℓ
k)
)

. (37)

We construct a Lyapunov function with the following form:

V(T ℓ
k) =

1

2

N
∑

i=1

(

svi (T
ℓ
k)
)2

. (38)
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Figure 3 (Color online) Block diagram of the proposed distributed robust iterative learning controller for secondary voltage

regulation.

Then, we obtain its derivative along the time domain as follows:

V̇(T ℓ
k) =

N
∑

i=1

svi (T
ℓ
k)
[

−(0.5αv + γv)svi (T
ℓ
k)− ϕ̂v

i (T
ℓ
k)− ϕS

i (T
ℓ
k)− βvsgn

(

svi (T
ℓ
k)
)

− ϕUS
i (T ℓ

k)
]

. (39)

Notably, the reachability of the ITSM in the time domain is determined by the iteration approximation
error ϕ̂v

i (T
ℓ
k) + ϕS

i (T
ℓ
k) in the iteration domain. Hence, the following inequality is obtained:

V̇(T ℓ
k) 6 −

N
∑

i=1

(0.5αv + γv)
(

svi (T
ℓ
k)
)2

+

N
∑

i=1

∣

∣svi (T
ℓ
k)
∣

∣

[∣

∣ϕ̂v
i (T

ℓ
k) + ϕS

i (T
ℓ
k)
∣

∣ − βv +
∣

∣ϕUS
i (T ℓ

k)
∣

∣

]

. (40)

Based on the reachability of the ITSM in the iteration domain discussed in Subsection 3.1.3, the
iteration learning error between the recursive control part ϕ̂v

i (T
ℓ
k) and the structured external disturbance

ϕS
i (T

ℓ
k) decreases continuously with the iterative process. Therefore, the value

∣

∣ϕ̂v
i (T

ℓ
k) + ϕS

i (T
ℓ
k)
∣

∣ =
∣

∣ϕv
i (T

ℓ
k)− ϕ̂v

i (T
ℓ
k)
∣

∣ satisfies
∣

∣ϕv
i (T

ℓ
k)− ϕ̂v

i (T
ℓ
k)
∣

∣ 6
∣

∣ϕv
i (T

ℓ
k−1)− ϕ̂v

i (T
ℓ
k−1)

∣

∣ 6 · · · 6
∣

∣ϕv
i (T

ℓ
0 )− ϕ̂v

i (T
ℓ
0 )
∣

∣ 6
∣

∣ϕv
i (T

ℓ
k)
∣

∣ =
∣

∣ϕS
i (T

ℓ
k)
∣

∣ = ϕ̄S
i because of the difference in the Lyapunov function between all successive trials

∑k

h=0 ∆Ei(h) 6 0. If the robust control gain βi satisfies

βv > ϕ̄i = ϕ̄S
i + ϕ̄US

i >
∣

∣ϕ̂v
i (T

ℓ
k) + ϕS

i (T
ℓ
k)
∣

∣+
∣

∣ϕUS
i (T ℓ

k)
∣

∣ , (41)

then, we can derive the following inequality:

V̇(T ℓ
k) 6 −

N
∑

i=1

(0.5αv + γv)
(

svi (T
ℓ
k)
)2

= −(αv + 2γv)V(T ℓ
k). (42)

Therefore, the lumped tracking error can be maintained on the integral terminal sliding manifold
svi (T

ℓ
k) = 0 from the initial time instant under the designed controller.

The block diagram of the secondary voltage regulation is depicted in Figure 3. The main results of
this subsection are summarized in Theorem 1.

Theorem 1. Under Assumptions 1–3, for the system expressed in (6), the distributed finite-time voltage
regulation will be achieved in finite time using the designed controller expressed in (11)–(13).

The proposed control law is not a smooth signal because the sign function is introduced. In practical
control systems, for the sake of refraining from the chattering behavior, we often replace the sign function
with a saturation function with a boundary layer δ [38], i.e.,

sat
(

svi (T
ℓ
k)
)

=

{

sgn
(

svi (T
ℓ
k)
)

, if
∣

∣s(T ℓ
k)
∣

∣ > δ,

svi (T
ℓ
k)/δ, if

∣

∣s(T ℓ
k)
∣

∣ < δ.
(43)
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3.2 Distributed secondary frequency restoration and active power sharing

In this subsection, we focus on the frequency restoration and active power sharing problem. Based on the
dynamic relation expressed in (6) and the introduction of the expression of time in the iteration domain,
we obtain the following expression:

ω̇i(T
ℓ
k) +mP

i Pi(T
ℓ
k) = uω

i (T
ℓ
k) + uP

i (T
ℓ
k) + φi(T

ℓ
k), (44)

where φi(T
ℓ
k) is the lumped external disturbance and satisfies the aforementioned Assumptions 2 and 3.

We define the lumped tracking errors of frequency as eωi (T
ℓ
k) =

∑N

j=1 aij(ωj(T
ℓ
k)−ωi(T

ℓ
k))+ bi(ω

DES−

ωi(T
ℓ
k)) and active power sharing as ePi (T

ℓ
k) =

∑N

j=1 aij(m
P
j Pj(T

ℓ
k) −mP

i Pi(T
ℓ
k)). The ITSM variable is

designed as follows:

sω,P
i (T ℓ

k) = ωi(0)− ωi(T
ℓ
k) +mP

i

(

Pi(0)− Pi(T
ℓ
k)
)

+

∫ T ℓ
k

0

cωsigν (eωi (τ)) + cP sigν
(

ePi (τ)
)

dτ, (45)

where cω > 0, cP > 0, 0.5 < ν < 1, ωi(0) and Pi(0) are the initial values of frequency restoration and
active power sharing of the ith DG. Notably, sωi (0) = 0.

We define uω,P
i (T ℓ

k) , uω
i (T

ℓ
k) + uP

i (T
ℓ
k) and design the robust iterative-learning-based distributed

controller as follows:
uω,P
i (T ℓ

k) = φ̂ω,P
i (T ℓ

k) + wω,P
i (T ℓ

k) + εi(T
ℓ
k), (46)

φ̂ω,P
i (T ℓ

k) = φ̂ω,P
i (T ℓ

k−1) + αωsω,P
i (T ℓ

k−1), (47)

wω,P
i (T ℓ

k) = (0.5αω + γω)sω,P
i (T ℓ

k) + βωsgn(sω,P
i (T ℓ

k)), (48)

where εi(T
ℓ
k) = cωsigν(eωi (T

ℓ
k)) + cP sigν(ePi (T

ℓ
k)), φ̂

ω,P
i (T ℓ

k) is the recursive control part, and wω,P
i (T ℓ

k) is
the robust control part; αω is the ILC gain, βω is the robust control gain, and γω is the feedback control
gain, which are all positive constants; and φ̂ω

i (T
ℓ
k−1) and sωi (T

ℓ
k−1) are the recursive control part and

sliding variable in the last imaginary iteration period, respectively. Usually, for the first iteration period,
the recursive control part φ̂ω,P

i (T ℓ
0 ) is directly set as 0.

The finite-time frequency restoration and active power sharing can be achieved in finite time if the
designed controller uω,P

i (T ℓ
k) can drive and maintain the lumped tracking errors eωi (T

ℓ
k) and ePi (T

ℓ
k)

on the ideal sliding manifold sω,P
i (T ℓ

k) = ṡω,P
i (T ℓ

k) = 0. Thus, we derive the dynamic relation ω̇i(T
ℓ
k) +

mP
i Ṗi(T

ℓ
k) = cωsigν(eωi (T

ℓ
k))+cP sigν(ePi (T

ℓ
k)) = 0. The convergence on the sliding manifold can be proven

by utilizing a similar approach to that discussed in Subsection 3.1.2. Therefore, the proof of frequency
restoration and active power sharing on the sliding manifold is omitted here for space. Following the
same approach as described in Subsections 3.1.3 and 3.1.4, the convergence on the iteration domain and
the reachability in the time domain under the designed controller in (46)–(48) can be proven, which are
omitted here for brevity. The block diagram of secondary frequency restoration and active power sharing
is depicted in Figure 4. The main results of this subsection are summarized in Theorem 2.

Theorem 2. Under Assumptions 1–3, for the system expressed in (6), the finite-time frequency restora-
tion and active power sharing will be achieved in finite time using the designed controller expressed in
(46)–(48).

Remark 5. Notably, frequency restoration and active power sharing will be achieved simultaneously
on the proposed integral sliding manifold under the distributed auxiliary controller uω,P

i (t). Thus, the
proposed method is essentially different from the architecture of the separate frequency restoration and
active power sharing controllers designed in [15, 16, 29] and is robust against external disturbances.

3.3 Detailed algorithm implementation

The frameworks of secondary voltage regulation and frequency restoration are depicted in Figures 3 and
4, respectively. As shown in Figures 3 and 4, the nominal set points vnom(t) and ωnom(t) are utilized in the
primary control layer to drive and synchronize the outputs of DGs, i.e., vodi (t) and ωi(t), to their desired
references, i.e., V DES and ωDES, respectively. The detailed implementation of the proposed distributed
robust iterative learning controller for secondary voltage regulation is shown in Algorithm 1. Meanwhile,
the controller for secondary frequency restoration and active power sharing can be implemented by
utilizing a similar approach, which is omitted here for space.
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Figure 4 (Color online) Block diagram of the proposed distributed robust iterative learning controller for secondary frequency

restoration and active power sharing.

Algorithm 1 Calculating the nominal set point vnom
i (T ℓ

k).

Input: The initial state vod
i (0), the output vod

i (T ℓ
k), and the neighbor information vod

j (T ℓ
k) and vDES;

Output: The nominal set point vnom
i (T ℓ

k);

1: Initialization: set k = 0, and let ϕ̂v
i (T

ℓ
−1) = 0 and svi (T

ℓ
−1) = 0, ∀ℓ ∈ [0, T∗);

2: if ℓ = t− k · T∗ < T∗ then

3: Update the sliding variable svi (T
ℓ
k) based on (10) and store it in the memory;

4: Update the recursive control part ϕ̂v
i (T

ℓ
k) based on (12) and store it in the memory;

5: Update the robust control part wv
i (T

ℓ
k) based on (13);

6: Update the voltage auxiliary controller uv
i (T

ℓ
k) based on (11);

7: Update the nominal set point vnom
i (T ℓ

k) based on (8);

8: else

9: k← k + 1.

10: end if

Notably, the calculation of the recursive control part at time T ℓ
k applies the data of the sliding variable

and recursive control part at time T ℓ
k−1, which will not be utilized in future calculations. Thus, the

historical information only needs to be stored in the memory for a short period, i.e., equal to the length
of the imaginary iteration period T ∗.

4 Performance validation

In this section, the effectiveness of the proposed method will be verified by simulating an islanded mi-
crogrid under various scenarios in the MATLAB/SimPowerSystems software environment. As shown
in Figure 5, the islanded microgrid test system consists of four inverter-based DGs (i.e., N = 4), four
local loads, and four lines, and the communication of DGs with one another is implemented through the
augmented digraph. The specifications of the islanded microgrid test system are summarized in Table 1.

The virtual leader DG0 in Ĝ is utilized to generate the desired values and is unaffected by other DGs.
The information of the desired values of voltage (V DES = 380 V) and frequency (fDES = ωDES/2π =
50 Hz) is available to DG1. At the simulation initialization period t = 0 s, only the primary control layer
is applied. We focus on the period after the primary control and treat t = 1 s as the starting point of the
secondary control. For simplicity, the external disturbances are described by ϕi(t) = 5+5 sin(2πt+0.25iπ)
and φi(t) = 2 + 2 sin(2πt+ 0.25iπ). The controller parameters are selected as cv = 20, cω = 15, cP = 15,
αv = 7, αω = 14, βv = 10, βω = 10, γv = 10, γω = 10, µ = 0.6, and ν = 0.6, and the imaginary iteration
period T ∗ = 5× 10−4s. To eliminate the chattering phenomenon, the saturation function in Remark 5 is
utilized to replace the signum function, and the boundary layer is set as δ = 0.05.

The subsequent simulation studies cover six scenarios, i.e., the performance evaluation of the proposed
method, the effectiveness under the communication network change, the verification of robustness under
load changes, plug-and-play capability, a comparison study of the proposed method with the ITSMC
(the proposed method without recursive control part) and the FOSMC methods reported in [28], and a
control parameter test of the length of the imaginary iteration period.
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Figure 5 (Color online) Single line diagram of the islanded microgrid test system and communication topology Ĝ.

Table 1 Parameter values for the microgrid test system.

DGs

DG1 and DG3 DG2 and DG4

VDC: 800 V Ro: 0.03 Ω Lo: 0.35 mH VDC: 800 V Ro: 0.03 Ω Lo: 0.35 mH

Rf : 0.1 Ω Lf : 1.2 mH Cf : 50 µF Rf : 0.1 Ω Lf : 1.2 mH Cf : 50 µF

KV
P : 10 KV

I : 100 mP : 1× 10−5 KV
P : 8 KV

I : 110 mP : 0.5× 10−5

KC
P : 5 KV

C : 200 nQ: 3 × 10−4 KC
P : 4 KV

C : 180 nQ: 6× 10−4

Lines Line1−2: R12 0.23 Ω & L12 0.32 mH Line2−3: R23 0.45 Ω & L23 1.85 mH Line3−4: R34 0.23 Ω & L34 0.32 mH

Loads Load1: 27 kW & 25 kVar Load2: 33 kW & 25 kVar Load3: 15 kW & 10 kVar Load4: 36 kW & 36 kVar

4.1 Performance evaluation

The control results in the case of performance evaluation by implementing the proposed secondary control
scheme expressed in (11)–(13) and (46)–(48) for N = 4 are depicted in Figure 6. Before the secondary
control is added, the microgrid operates in islanded mode with load1−4. As shown in Figures 6(a) and
(b), the voltage amplitude vodi and frequency ωi deviate from their desired values because of the primary
control. The active power outputs of all DGs, as shown in Figure 6(c), have two different steady-state
values because DG1,3 and DG2,4 possess the same parameters, as shown in Table 1.

Then, when the proposed DRILC-based secondary control scheme is added at t = 1 s, both output
voltage amplitudes and operating frequencies are rapidly restored to their desired values, and voltage
regulation and frequency restoration are achieved at t = 1.49 s and t = 1.52 s, respectively. The active
powers multiplied by the active power droop coefficients (i.e., mP

i Pi), as shown in Figure 6(d), converge
to the same value, i.e., the active power sharing is achieved at t = 1.52 s according to the rated power
of DG. The two sliding variables, as shown in Figures 6(e) and (f), fluctuate slightly at t = 1 s because
of the variations in the output voltage amplitude, operating frequency, and active power sharing. Then,
two sliding variables can be maintained on the ideal sliding manifold under the compound control input.
Because of the introduced saturation function, the two sliding variables finally converge to a neighborhood
containing 0.

To demonstrate the robustness to external disturbances, we further implement the controller proposed
in [15] to make a comparison. The corresponding results are shown in Figure 7. Notably, voltage
regulation, frequency restoration, and active power sharing cannot be achieved under the secondary
controller reported in [15] because of the existence of external disturbances. Therefore, the proposed
DRILC-based secondary scheme is robust against external disturbances.

4.2 Communication network change

To further demonstrate the effectiveness of the proposed method under the condition of switching com-
munication topology, the control performance is validated in this case with different topologies, as shown
in Figure 8. The specific simulation process is arranged as follows.
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Figure 6 (Color online) Case study 4.1. (a) Voltage amplitude vod
i ; (b) frequency fi; (c) output active power Pi; (d) active

power ratio mP
i Pi; (e) sliding manifold for voltage regulation svi ; (f) sliding manifold for frequency restoration s

ω,P
i .

Figure 7 (Color online) Case study 4.1 under the controller reported in [15]. (a) Voltage amplitude vod
i ; (b) frequency fi;

(c) output active power Pi.

Figure 8 (Color online) Three typical communication networks for Case 4.2. (a) Communication topology 1; (b) communication

topology 2; (c) communication topology 3.

• Stage 1: During the 1–3 s time slot, secondary control with the initial communication topology
shown in Figure 5 is applied.

• Stage 2: During the 3–4 s time slot, the communication topology is switched to that shown in
Figure 8(a).
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Figure 9 (Color online) Case study 4.2. (a) Voltage amplitude vod
i ; (b) frequency fi; (c) output active power Pi; (d) active

power ratio mP
i Pi; (e) sliding manifold for voltage regulation svi ; (f) sliding manifold for frequency restoration s

ω,P
i .

• Stage 3: During the 4–5 s time slot, the communication topology is switched to that shown in
Figure 8(b).

• Stage 4: During the 5–6 s time slot, the communication topology is switched to that shown in
Figure 8(c).

The control performance in the case of communication network change by implementing the proposed
secondary control scheme expressed in (11)–(13) and (46)–(48) for N = 4 is depicted in Figure 9. The
tasks of voltage regulation, frequency restoration, and active power sharing, as shown in Figures 9(a)–(c),
can be achieved under the proposed DRILC-based secondary control scheme in finite time. The consensus
state is unaffected by the variation in the communication topology. Compared with the results in Case
4.1, if the conditions in Theorems 1 and 2 are satisfied, then the proposed DRILC-based distributed
secondary control approach has a robust capability to switch the communication topology.

4.3 Robustness to load changes

In this subsection, we will validate the robustness of the proposed controller against load changes. The
specific simulation process is arranged as follows.

• Stage 1: During the 1–4 s time slot, all loads work under normal operating conditions while the
secondary control layer is applied in the microgrid, as shown in Figure 5.

• Stage 2: During the 4–7 s time slot, load1,2,4 work under normal operating conditions, whereas load3
increases from 15 kW+j10 kVar to 25 kW+j40 kVar.

• Stage 3: During the 7–10 s time slot, load1,2,4 work under normal operating conditions, whereas the
increased part of load3 is removed at 7 s.

The control performance in the case of robustness to load changes by implementing the proposed
secondary control scheme expressed in (11)–(13) and (46)–(48) for N = 4 is depicted in Figure 10.
Notably, the first and second plots of Figures 10(a) and (b) show that the output voltage amplitudes
and operating frequencies of all DGs suffer from deviations because of the impact of the instant power
flow caused by the increase in Load3. Then, the voltage amplitudes and operating frequencies of all
DGs can return to their desired values under the proposed DRILC-based secondary control scheme.
The synchronization times for voltage regulation and frequency restoration are approximately 0.1 and
0.93 s, respectively. Furthermore, accurate active power sharing, as shown in Figures 10(c) and (d), can
still be observed from the results of the active powers multiplied by the active power droop coefficients
(i.e., mP

i Pi). The deviation of the sliding variable for voltage regulation, as shown in Figure 10(e), can
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Figure 10 (Color online) Case study 4.3. (a) Voltage amplitude vod
i ; (b) frequency fi; (c) output active power Pi; (d) active

power ratio mP
i Pi; (e) sliding manifold for voltage regulation svi ; (f) sliding manifold for frequency restoration s

ω,P
i .

be caused by the variation in load3; however, that deviation soon disappears. Meanwhile, the sliding
variables for frequency restoration and active power sharing, as shown in Figure 10(f), are unaffected by
the load changes because the frequency restoration and active power sharing dynamics are compounded
in the same sliding variable. Therefore, the proposed secondary control scheme is robust against load
changes.

4.4 Plug-and-play capability

In this subsection, we will verify the plug-and-play capability of the proposed secondary control scheme,
which is essential for a microgrid because of the intermittent nature of DGs. The specific simulation
process is arranged as follows.

• Stage 1: During the 10–12 s time slot, all DGs work under normal operating conditions while the
secondary control layer is applied in the microgrid, as shown in Figure 5.

• Stage 2: During the 12–16 s time slot, DG1,2,4 work under normal operating conditions, whereas
DG3 is removed from the microgrid.

• Stage 3: During the 16–20 s time slot, DG1,2,4 work under normal operating conditions, whereas
DG3 is plugged back at 7 s.

The control performance in the case of plug-and-play capability by implementing the proposed sec-
ondary control scheme expressed in (11)–(13) and (46)–(48) for N = 4 is depicted in Figure 11. As shown
in Figures 11(a) and (b), the output voltage amplitude and operating frequency of DG3 return to the
nominal set points after a sharp droop because the secondary control input is removed at t = 12 s. As
shown in Figure 11(c), the output power of DG3 exponentially decays to 0. The output voltage ampli-
tudes and operating frequencies of the remaining DGs suffer from some deviations caused by the removal
of DG3. Then, the output voltage amplitude is restored within 0.01 s, and the operating frequency is
restored within 1.81 s. Because of the removal of DG3, other DGs will provide more active and reactive
powers to compensate for the amount of power previously generated by DG3. Notably, accurate active
power sharing can still be achieved after DG3 is plugged out. Then, a new distribution pattern of active
power can be formed. Once DG3 is plugged back at t = 16 s, the output voltage amplitudes and operating
frequencies of all DGs again suffer from some deviations within a certain range and then recover to their
previous operating states. DG3 provides the original active power output once again, and the proportional
distribution of active power can return to the original. Finally, voltage regulation, frequency restoration,
and active power sharing can still be observed after t = 17 s. Therefore, the proposed DRILC-based
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Figure 11 (Color online) Case study 4.4. (a) Voltage amplitude vod
i ; (b) frequency fi; (c) output active power Pi; (d) active

power ratio mP
i Pi; (e) sliding manifold for voltage regulation svi ; (f) sliding manifold for frequency restoration s

ω,P
i .

secondary control scheme possesses excellent plug-and-play capability.

4.5 Comparison study

In this subsection, we compare the proposed DRILC-based secondary control scheme with the distributed
voltage controller reported in [28]. To further verify the effectiveness of the added recursive control part,
we also added the comparison test of ITSMC, which can be regarded as DRILC without the recursive
part. The robust control gains are set the same in all controllers. For simplicity, we only consider
the voltage response of the load change scenario in Case 4.3. The control performance in the case of
comparison study by implementing the proposed secondary control scheme expressed in (11)–(13), as
well as ITSMC and FOSMC, for N = 4 is depicted in Figures 12–14. Figures 12(a)–(c) show that
voltage regulation under DRILC, ITSMC, and FOSMC are achieved at t = 0.51 s, t = 0.71 s, and
t = 0.75 s, respectively. Compared with the two other methods, the sliding variable under DRILC has
a smaller convergence error. The detailed comparison of the voltage response of each DG when load
changes is shown in Figure 13. Notably, the output voltage amplitudes of DRILC, ITSMC, and FOSMC
suffer from some deviations within 0.03, 0.9, and 3.6 V, respectively. The recovery times of the voltage
response under DRILC, ITSMC, and FOSMC are approximately 0.12, 0.27, and 0.48 s, respectively.
Figure 14 shows that the voltage response under DRILC has a smaller oscillation amplitude than the
two other methods. This analysis verifies the following results: (1) the proposed DRILC-based secondary
control scheme rapidly reaches consensus and exhibits better robust performance than the FOSMC with
continuous protocol; (2) the introduced iteration action can reduce the convergence error of the sliding
variable without affecting the reachability; (3) the recursive control part effectively rejects the external
disturbances in the system under study and reduces the burden of the robust controller. Therefore, a
smaller oscillation amplitude can be obtained.

4.6 Control parameter test

In this subsection, the microgrid system with different values of the imaginary iteration period will be
tested to explore its impact on global control performance. For simplicity, we only consider the voltage
response of the load change scenarios in Case 4.3. The control performance in the case of the control
parameter test by implementing the proposed secondary control scheme expressed in (11)–(13) with
different lengths of the imaginary iteration period T ∗ for N = 4 is depicted in Figures 15 and 16. In
the aforementioned case studies, we set the imaginary iteration period as T ∗ = 5 × 10−4 s. Compared
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Figure 12 (Color online) Case study 4.5. Voltage amplitude vod
i under (a) the proposed DRILC, (b) ITSMC, and (c) FOSMC

presented in [28]; sliding manifold for voltage regulation svi under (d) the proposed DRILC, (e) ITSMC, and (f) FOSMC presented

in [28].

Figure 13 (Color online) Case study 4.5. Transient performance comparison of the voltage amplitude vod
i under the proposed

DRILC, ITSMC, and FOSMC presented in [28].

with the results shown in Figure 10, the increase in the imaginary iteration period leads to a longer
recovery time to handle load variations and more fluctuations in the output voltage amplitude. As shown
in Figure 16, the fluctuation of the sliding variable increases with the increase in the imaginary iteration
period.
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Figure 14 (Color online) Case study 4.5. Steady state performance comparison of the voltage amplitude vod
i under the proposed

DRILC, ITSMC, and FOSMC presented in [28].

Figure 15 (Color online) Case study 4.6. Voltage amplitude vod
i with different lengths of the imaginary iteration period T∗.

5 Conclusion

In this study, a robust iterative-learning-based distributed secondary control scheme for voltage regu-
lation, frequency restoration, and active power sharing problems with external disturbances has been
proposed. First, an integral terminal sliding manifold, on which the secondary control objective can
be achieved in finite time, is proposed. The DRILC design removes the initial zeroing condition in the
conventional ILC; thus, the idea of iterative learning can be utilized in the non-repetitive secondary
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Figure 16 (Color online) Case study 4.6. Sliding variable svi with different lengths of the imaginary iteration period T∗.

control system through the introduced imaginary iteration period. Then, sufficient conditions containing
learning and control gain inequalities are derived to guarantee reachability in both the time and itera-
tion domains. Finally, the case studies further demonstrate the excellent dynamic performance of the
proposed DRILC-based secondary control scheme. Therefore, the utilization of the idea of the ILC is a
novel and promising approach to dealing with the secondary control problem of microgrids.

Acknowledgements This work was supported in part by National Science and Technology Major Project of China (Grant No.

2022ZD0116900) and National Natural Science Foundation of China (Grant No. 62273162).

References

1 He J, Liang Y, Hao X H, et al. A quadratic convex framework with bigger freedom for the stability analysis of a cyber-physical
microgrid system. Sci China Inf Sci, 2023, 66: 122202

2 Sun Q Y, Wang B Y, Feng X M, et al. Small-signal stability and robustness analysis for microgrids under time-constrained
DoS attacks and a mitigation adaptive secondary control method. Sci China Inf Sci, 2022, 65: 162202

3 Farrokhabadi M, Canizares C A, Simpson-Porco J W, et al. Microgrid stability definitions, analysis, and examples. IEEE
Trans Power Syst, 2020, 35: 13–29

4 Lu X, Yu X, Lai J, et al. Distributed secondary voltage and frequency control for islanded microgrids with uncertain
communication links. IEEE Trans Ind Inf, 2017, 13: 448–460
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