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ABSTRACT This paper proposes a novel distributed secondary controller for droop-controlled microgrids
to regulate the frequency and voltage, and autonomously share the power mismatch. The proposed scheme
is entitled generalized proportional-intergal finite-time controller (GPI-FTC). The proposed GPI-FTC is
synthesized based on the control Lyapunov function method and modifying the conventional PI controller
by adding a consensus term to the integrand dynamic. The proposed distributed GPI-FTC provides plug-
n-play capability, scalability, and fast finite-time convergence of the system states. Moreover, a reactive power
sharing (Q-sharing) method is designed to improve the sharing pattern of reactive power under exact voltage
regulation. Also, a distributed voltage observer is developed for average voltage regulation. Performance of
the proposed GPI-FTC is validated through numerical simulations of the detailed model of the microgrid,
including small signal analysis, load change, DG outage, Q-sharing, and performance comparison.

INDEX TERMS Distributed secondary control, finite-time control, microgrids, generalized PI controller.

I. INTRODUCTION

THE concept of microgrid was proposed to integrate dis-
tributed generations (DGs) efficiently and reliably [1].

A microgrid can operate autonomously in islanded mode
subsequent to a contingency or at a designed schedule. As the
islanded mode has lower equivalent inertia compared to the
grid-connected mode, additional control loops are required to
maintain the stability of the microgrid when interfacing high
penetration of power-electronically DGs.

In control hierarchy of a microgrid, the primary layer
is the droop control whereas the second layer corresponds
to compensate the voltage and freuqancy deviations caused
by the droop control [2]–[4]. The second layer can be
implemented in different architectures [5]. Despite the fact
that centralized architectures can provide certain advantages
such as optimized grid operations, the communication failure
can lower the reliability and cause instability. On the
other hand, the decentralized control strategy may not
handle all the control targets effectively owing to lack
of communication [6]. In distributed control, in contrast,
the control actions of each DG are determined by local

measurements and information exchanged with neighbor
DGs. A microgrid distributed secondary control (MDSC)
can be designed using different policies with and without
communication needs, including averaging and consensus
methods, containment pinning consensus, and decentralized
event-triggered control [5].

Recently, multi-agent systems (MAS)-based methods have
been extensively employed in design of MDCSs [6]–[11].
A MDSC was proposed in [7] for islanded microgrids,
in which the communications among DGs and loads are
crucial for power balance. Besides, whenever variations
are made on the configuration of the CN, the control
law needs to be redesigned. Furthermore, the stability of
the microgrid will be degraded significantly, if the DG in
voltage/frequency mode fails. In [8] and [9], the frequency
of each DG was controlled internally using the global
data from the global positioning system (GPS). The local
controllers were designed based on the global model of
the microgrid. However, this method requires global data
for stable operation, and demands complex calculations for
scalability, i.e. plug-n-play capability of the DGs.
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In [10], a distributed frequency control was introduced
considering the communication constraints, and power mis-
match of the microgrid was estimated employing the average
consensus method. A cooperative MDSC was designed
in [11], using the input-output feedback linearization method
to restore the voltage subsequent to unprepared disturbances.
However, the voltage and frequency regulation have not been
discussed in [10] and [11], respectively.

A consensus-based proportional-integral (PI) controller
with asymptotic convergence was proposed in [12] with
an event-triggered exchange of data. A frequency MDSC
was designed in [13] using a ratio-consensus algorithm,
in which the output active power of each DG was updated
proportional to the difference between the maximum and
the minimum power output of the DGs [13]. In [14], a
near-optimal consensus-based MDSC was designed and a
linear quadratic regulator was developed for the secondary
voltage regulation, considering the communication topology.
However, the frequency control and active power sharing
were ignored.

Although the averaging consensus method is broadly
applied to the MDSC, the system balance might be disrupted
until the consensus is converged [15]. AMDSCwith dynamic
weighted gains was developed in [15] to improve the results
of the averaging method and maintain the load-supply
balance during the convergence of the consensus algorithm.

Moreover, the consensus-based PI control [12], ratio
consensus frequency control [13], the MDSC with dynamic
weights [15], discrete-time MDSC [16], and the adaptive
MDSC with feedback linearization [17] yield asymptotic
convergence of the system states, which is slower than the
convergence in finite-time controllers (FTCs).

The authors in [6] have summarize and compared the
finite- and fixed-time distributed control strategies. To accel-
erate the synchronization of frequency loop of the MDSC,
a FTC was proposed in [18]. Operating between two
boundaries with the discontinuous sign function, the con-
troller may give rise to chattering and thus destabilize the
microgrid. In [19], a frequency FTC was designed based
on the input-output partial feedback linearizing stabilization
scheme, but the reactive power control loop is ignored.
In [20], a distributed fixed-time secondary control was
proposed to regulate the frequency and share active power
in islanded microgrids with mobile emergency resources.
However, the voltage regulation and reactive power sharing
(Q-sharing) were overlooked. A finite-time MDSC was
proposed in [21] to separate the convergence of voltage
and frequency control loops. Moreover, control inputs were
bounded by saturation constraints for practical applications.
The hard switching sign function and a fractional power
integrator were employed together to construct FTCs so that
frequency regulation and power sharing could be realized
simultaneously [21]. But, they may suffer from the chattering
phenamona, which can cause instability. Finite-time MDSCs
with proportional and terminal sliding mode control schemes
were synthesized and continuous approximations of the

designed FTCs were developed to eliminate chattering
in [22] and [23] respectively. A frequency and active power
sharing FTC was designed in [24] by applying feedback
linearization method and the super-twisting control was
employed to solve the chattering problem. However, its
stability is conservative on the control gain and has to limit
the gains regarding the communication weights. In [25],
an optimal FTC with proportional scheme was proposed
for the frequency loop whereas an asymptotic controller
was used for the voltage loop to separate their convergence
speeds. In [26], a PI-shaped sliding mode FTCwas developed
for frequency regulation, whereas the conventional P-shaped
control was used for the active power control loop.

This paper proposes a generalized PI-FTC (GPI-FTC)
built on the conventional PI scheme for MDSC, which is
the generalized form of proportional and PI controllers. The
proposed GPI-FTC is synthesized by adding a distributed
consensus dynamic at the integrand, and is designed using the
control Lyapunov function algorithm. Its Lyapunov stability
and finite-time convergence are mathematically proven. The
main contributions of this work are summarized as
• A generalized formulation of distributed control scheme
is designed that includes all conventional proportional
and PI control schemes with and without finite-time
convergence. The proposed PI-shaped generalized sec-
ondary restoration finite-time controller provides more
degrees of freedom for improvement of the transient
responses of the control loops.

• The proposed GPI-FTC provides finite-time conver-
gence and improves the transient response and the
settling time, compared to the conventional controllers
by adding the proposed consensus-based integrand
terms to its dynamics.

• The proposed GPI-FTC with leader-following voltage
regulation improves the Q-sharing scheme compared to
the common leader-following methods and assimilate
the Q-sharing pattern similar to the share of reactive
powers under average-voltage regulation control.

• A distributed averaging observer with finite-time con-
vergence is proposed for average-voltage estimation,
which is employed in the proposed GPI-FTC with the
average-voltage regulation scheme.

In the proposed distributed GPI-FTC, each DG uses
local measurements and a sparse communication network to
receive neighbors’ information in order to achieve frequency
control, voltage regulation, and power sharing. Therefore,
the distributed architecture enables scalablity with plug-n-
play functionality, robustness to DG outage, flexibility to the
changes in topology of the communication network (CN), and
model-free controllability without a need for the knowledge
about microgrid’s topology.

II. DROOP CONTROL AND GRAPH THEORY
PRELIMINARIES
Figure 1 illustrates the hierarchical control architecture for
an islanded microgrid. The DG output voltage and frequency
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FIGURE 1. Hierarchical control scheme diagram of the power-electronic converters with LC output filters in a droop-controller
islanded microgrid.

(i.e. vdi and ωi) are determined by the primary control level.
The droop control scheme is usually adopted in the primary
layer to share the power mismatch automatically among the
DGs. The major drawback of droop control in a microgrid
is the resulted deviations of voltage and frequency from
their nominal referneces [26]. Moreover, the impact of line
impedance greatly influences the accuracy of Q-sharing in
voltage droop control [27]. Therefore, the secondary control
layer is adopted to mitigate the deviations and improve the
Q-sharing. The secondary control signal is added to the
voltage and frequency reference of the primary droop control
as a supplementary control signal. The inner voltage and
current regulators of the converters are designed using FTCs
as shown in Fig. 1.

The droop control for the primary level is modeled as

ωi = uω,Pi + ω∗n − nPiP̃i (1){
vod,i = |V |i = uv,Qi + V ∗n − nQiQ̃i
voq,i = 0

(2)

where |V |i is the voltage magnitude of the ith DG; ωi is the
frequency;V ∗n and ω∗n are the nominal voltage and frequency;
vod,i and voq,i are the d- and q- axis components of the ith

DG voltage; uω,Pi and uv,Qi are the frequency and voltage
supplementary control signals produced by the secondary
control level; nPi and nQi are the droop coefficients; and

P̃i =
ωc

s+ ωc
Pi, Q̃i =

ωc

s+ ωc
Qi (3)

where ωc is the cut-off frequency of the low-pass filter [9]; Pi
and Qi are the output active and reactive powers.

TheCN can be represented as a digraphG (V, ε,A), where
V is the nodes set; ε ⊆ V×V is the edges set; andA = [aij] is
the adjacency matrix. The CN links and the DGs conform the
edges and the vertices of the CN graph G, respectively. The
neighbor set of node i is defined as Ni =

{
j|
(
Vi,Vj

)
∈ ε

}
.

The Laplacian matrix ofG is calculated asL = D−A, where
D is the in-degree matrix of G. We define G = diag (gi) as
the pinning matrix, where gi ≥ 0 is the weight of the edge
between the ith DGand the virtual leader [28], and0 = L+G.

III. PROPOSED DISTRIBUTED SECONDARY GPI-FTC
In order to regulate the voltage and frequency of the droop
controlled microgrid and preserve the droop-based power-
sharing pattern, the proposed secondary GPI-FTC is designed

based on the proportional-integral control scheme using
the control Lyapunov function method, by adding a new
consensus-based term to the integrand taking the integrands
of the neighboring units into consideration. Finite-time
convergence and stability of the proposed GPI-FTCs are
proved using the Lyapunov stability criteria.

A. PROPOSED PI FREQUENCY AND
POWER-SHARING CONTROLLERS
The frequency and the active power-sharing errors are defined
as [29]:

eωi = gi
(
ωi − ω

∗
n
)
+

∑
j∈Ni

aij
(
ωi − ωj

)
(4)

ePi =
∑

j∈Ni
aij
(
nPiP̃i − nPjP̃j

)
(5)

The supplementary secondary control signal to regulate
frequency and the active power is given as:

uω,Pi =
∫
(uωi + uPi) dt (6)

which includes two distinct controllers for frequency regula-
tion (i.e. uωi) and active power-sharing (i.e. uPi).
The proposed frequency controller is designed as{
uω,i = −kPω,isig

α
(
eω,i

)
− k Iω,isig

α
(
zω,i

)
żω,i = sigα

(
eω,i

)
− kZω,i

∑
j∈Ni aij(sig

α
(
zω,i

)
− sigα

(
zω,j

)
)

(7)

where zω,i is the integrand; kPω,i > 0 is the proportional gain;
k Iω,i > 0 is the integral gain; kZω,i > 0 is the integrand gain;
sigα

(
eω,i

)
=
∣∣eω,i∣∣α sgn (eω,i); sgn (•) is the sign function;

0 < α < 1 is the fractional power of the finite-time terms.
The proposed power-sharing controller of the frequency

and the active power-sharing is designed as{
uP,i = −kPP,isig

α(eP,i)− k IP,isig
α(zP,i)

żP,i = sigα(eP,i)− kZP,i
∑

j∈Ni aij(sig
α
(
zP,i
)
− sigα

(
zP,j
)
)

(8)

where zP,i is the integrand; kPP,i > 0 is the proportional gain;
k IP,i > 0 is the integral gain; and kZP,i > 0 is the integrand
gain.
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B. VOLTAGE REGULATION WITH COOPERATIVE
SECONDARY GPI-FTC
Similarly, the voltage and the reactive power-sharing errors
can be defined as [29]:

evi = gi
(
vi − v∗n

)
+

∑
j∈Ni

aij
(
vi − vj

)
(9)

eQi =
∑

j∈Ni
aij
(
nQiQ̃i − nQjQ̃j

)
(10)

The supplementary secondary control signal to regulate
voltage and reactive power is given as:

uv,Qi =
∫ (

uvi + uQi
)
dt (11)

which includes two distinct controllers for frequency regula-
tion (i.e. uvi) and power-sharing (i.e. uQi) respectively.
The proposed voltage controller is designed as{
uv,i = −kPv,isig

α
(
ev,i
)
− k Iv,isig

α
(
zv,i
)

żv,i = sigα
(
ev,i
)
− kZv,i

∑
j∈Ni aij(sig

α
(
zv,i
)
− sigα

(
zv,j
)
)

(12)

where zv,i is the integrand; kPv,i > 0 is the proportional gain;
k Iv,i > 0 is the integral gain; and kZv,i > 0 is the integrand gain;
The proposed Q-controller is designed as{
uQ,i = −kPQ,isig

α
(
eQ,i

)
− k IQ,isig

α
(
zQ,i

)
żQ,i = sigα

(
eQ,i

)
− kZQ,i

∑
j∈Ni aij(sig

α
(
zQ,i

)
− sigα

(
zQ,j

)
)

(13)

where zQ,i is the integrand; kPQ,i > 0 is the proportional gain;
k IQ,i > 0 is the integral gain; and kZQ,i > 0 is the integrand
gain.

FIGURE 2. Schematic diagram of the proposed GPI-FTC for
frequency regulation and P-sharing control.

Fig. 2 illustrates the diagram of the supplementary control
signal for the proposed GPI-FTC, which is added to the
droop control level as shown in (1) and (2). Fig. 2 shows
how to produce the supplementary control signal to regulate
the frequency and active power-sharing according to (6), (7)
and (8). The supplementary GPI-FTC signal to regulate the
voltage and the reactive power based on (11), (12) and (13)
are generated similarly.
Proposition 1: The proposed GPI-FTC regulates the

drooped frequency of the microgrid to the nominal value and

automatically shares the active power demand between the
DGs. As a result, at the steady state, the system converges to:

lim
t→∞

ωi (t) = ω∗n (14)

∀i, j : lim
t→∞

nPiPi (t) = lim
t→∞

nPjPj (t) (15)

where ω∗n is the reference frequency.
Proposition 2: Similarly, the proposed GPI-FTC regulates

the voltage to the nominal value and automatically shares the
reactive power demand between the DGs.

Exact voltage regulation and Q-sharing are two conflicting
objectives. Instead, average voltage regulation has been
applied using consensus methods [28] to provide an accurate
Q-sharing and to account for the effect of the line impedances.
A compromise between the exact voltage regulation and
Q–sharing control is established in the proposed controller
instead of average voltage regulation. This is because the
latter is already widely addressed in the studies such
as [16], [21], [28]. Clearly, exact Q-sharing is not feasible
due to the impacts of line impedances. However, the proposed
Q-sharing controller reduces the Q-sharing error compared to
exact regulation of the voltage.

In addition to exact voltage regulation and the proposed
voltage regulation with Q-sharing control, the proposed
scheme can be employed for average-voltage regulation by
utilizing a distributed observer to locally estimate the average
voltage of the microgrid. A distributed finite-time average
consensus observer is proposed using a similar approach for
the distributed consensus observer in [30]. The dynamic of
the proposed distributed average observer is designed as

ϕ̂di =
1

1+ di

vdi + µi ∫ sigγ
(
vdi − ϕ̂di

)
dt +

∑
j∈Ni

aijϕ̂dj

− µi

∫
sigγ

∑
j∈Ni

aij
(
ϕ̂di − ϕ̂dj

) dt

 (16)

where ϕ̂di is the estimation of the average voltage at the
ith DG, µi > 0 is a constant gain, and 0 < γ < 1
is the fractional power. Schematic diagram of the proposed
distributed avergae voltage observer is shown in Fig. 3.

FIGURE 3. Distributed average voltage observer diagram.

The proposed distributed observer (16) estimates the aver-
age voltage of the DG busses, with finite-time convergence
characteristic, i.e.:

lim
t→Ts

ϕ̂di (t)→ v̄d =
1
n

∑n

i=1
vdi (t) (17)
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where Ts is the finite settling time, which is bounded as (20)

Ts ≤
1

µ (1− γ )

∑
i

∣∣∣∣∣ϕ̂di (0)− 1
n

∑
i

vdi (0)

∣∣∣∣∣
1−γ

+

∣∣∣∣∣∣diϕ̂di (0)−
∑
j∈Ni

aijϕ̂dj (0)

∣∣∣∣∣∣
1−γ

 (18)

whereµ = min {µi}, ϕ̂di (0) is the initial estimation in ith DG
at t = 0, and vdi (0) is the ith DG voltage at t = 0.
Proposition 3: The average-voltage regulation can be

achieved by utilizing the proposed voltage and Q-sharing
controllers (12) and (13), and employing the proposed
distributed observer (16) to locally estimate the average
voltage of the DGs, and by redefining the voltage error (9)
only at the virtual leaders as:

evi = gi
(
ϕ̂di − v

∗
n
)
+

∑
j∈ÊNi

aij
(
vd,i − vd,j

)
(19)

which in vector form is written as

eV = [evi] = Lv+G
(
ϕ̂d −V∗n

)
(20)

where ϕ̂d =
[
ϕ̂di
]
.

C. LYAPUNOV STABILITY AND FINITE-TIME
CONVERGENCE OF THE PROPOSED CONTROLLERS
Stability of the microgrid control loops under the proposed
GPI-FTC is proved using the Lyapunov stability criteria.
In the following, the stability of the proposed P-sharing
controller is proved as an instance. The stability of the
proposed frequency and voltage controllers as well as the
proposed Q-sharing controller can be proved in an identical
approach, which is not included for brevity.

From (4)–(8), the errors and controllers in vector form are:

eω = [eωi] = G
(
ω−ω∗

n
)
+Lω (21)

eP = [ePi] = LnPP̃ (22)

u̇ω,P = uω+uP (23){
uω =

[
ψω,i

]
= −KP

ωsig
α (eω)−KI

ωsig
α (zω)

żω =
[
żω,i

]
= sigα (eω)−KZ

ωLsig
α (zω)

(24){
uP =

[
ψP,i

]
= −KP

Psig
α (eP)−KI

Psig
α (zω)

żP =
[
żP,i
]
= sigα (eP)−KZ

PLsig
α (zP)

(25)

where KP
ω = diag

(
kPω,i

)
, KI

ω = diag
(
k Iω,i

)
, KZ

ω =

diag
(
kZω,i

)
, KP

P = diag
(
kPP,i

)
, KI

P = diag
(
k IP,i

)
, and KZ

P =

diag
(
kZP,i

)
are diagonal gain matrices.

Considering nPP̃ in (22) as the P-sharing con-
troller [9], [29] (i.e. uP = nP

˙̃P) and (25), the power-sharing
error dynamic is

ėP = LnP
˙̃P = LuP= −LKP

Psig
α (εP)−LKI

Psig
α (zP) (26)

Considering the state variables εP and zP, the closed-loop
state-space model of the P-sharing control loop is derived as

d
dt

(
eP
zP

)
= −APsigα

(
eP
zP

)
, AP =

(
KP
PL KI

PL
−I KZ

PL

)
(27)

In the following, the mathematical proof for finite-
time convergence of the active power-sharing control loop
under the proposed GPI-FTC is discussed using the con-
trol Lyapunov function VP =

1
2ε

T
PεP +

1
2z

T
PzP =

1
2

∑
i e

2
P,i +

1
2

∑
i z

2
P,i and by showing that d

dtVp ≤ −cV
β
P ,

whereat where c> 0 and 0 <β< 1 are real positive con-
stants [19], [21], [22], [24], [26], [31]. The stability proof
and finite-time convergence of the frequency, voltage, and
reactive power loops under the proposed GPI-FTC have an
identical approach.

Consider the Lyapunov function

VP =
1
2
eTPeP +

1
2
zTPzP =

1
2

∑
i
e2P,i +

1
2

∑
i
z2P,i (28)

Substituting ėP from (26) and żP from (15) into V̇P =
eTP ėP + zTP żP yields

V̇P =
(
eTP ,z

T
P

)( ėP
żP

)
= −

(
eTP ,z

T
P

)
APsigα

(
eP
zP

)
(29)

The system is Lyapunov-stable if the LMI AP > 0 is
satisfied. Suppose λAP are the eigenvalues ofAP; and λmin

AP
=

min
{∣∣< (λAP)∣∣} is the minimum absolute real part of the

eigenvalues λAP .
Consequently, it is concluded from (29) that:

V̇P ≤ −λmin
AP

(
eTPsig

α (eP)+ zTPsig
α (zP)

)
(30)

and thus

V̇P ≤ −λmin
AP

∑
i

(∣∣eP,i∣∣α+1 + ∣∣zP,i∣∣α+1)
= −λmin

AP

∑
i

((
e2P,i

)β
+

(
z2P,i
)β)

(31)

where 0 < β = α+1
2 < 1 is a real positive constant.

For 0 < β < 1, we have:∑
i

(
e2βP,i + z

2β
P,i

)
≤
∑

i

(
e2P,i + z

2
P,i

)β
≤
(∑

i
e2P,i + z

2
P,i

)β
(32)

From (31) and (32), it is concluded that:

V̇P ≤ −λmin
AP 2

β

(
1
2

∑
i
e2P,i + z

2
P,i

)β
≤ −2βλmin

AP V
β
P (33)

which confirms the Lyapunov stability and finite-time
convergence [31] of the proposed power-sharing control loop.
Consequently, the finite settling time of the control loop is:

ts ≤
(VP (0))1−β

2βλmin
AP (

1− β)
≤
(‖eP (0)‖ + ‖zP (0)‖)1−α

λmin
AP (

1− α)
(34)
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The stability proof and finite-time convergenc of the
frequency GPI-FTC has an identical approach, and is not
included for briefness.

For the positive control gains and a connected CN, it is
obvious that we have AP ≥ 0 and thus λmin

AP
≥ 0. Clearly,

selecting positive control gains is sufficient for Lyapunov
stability of the proposed control loops.

While the structure of CN can be altered, the stability
of the control loops is preserved as long as the altered CN
graph contains a spanning tree [16], [21], [29]. Therefore,
establishing an intermittently connected CN is required for
the stability of the control loops.

Regarding (34), the settling time of the control loop is
inversely affected by the control gains. With respect to (27),
(30) and (34), the active (reactive) power-sharing control
gains can be designed so that λmin

AP
< λmin

Aω
(λmin

AQ
< λmin

Av
) and

thus the settling time of the frequency (voltage) regulation
loop be lower than the settling time of the active (reactive)
power-sharing control loop.

D. COMPARISON WITH THE PROPORTIONAL- AND THE
PI-SHAPED CONTROLLERS
The proposed GPI-FTC comprehensively includes the con-
ventional proportional- and the PI-shaped control structures.
A different PI-shaped scheme can be achieved by setting the
integrand gain to zero (i.e. kZi = 0) in the proposed GPI-FTC,
which gives:{

ψPI−FTC
ω,i = −kPi sig

α
(
eω,i

)
− k Iω,isig

α
(
zω,i

)
żPI−FTCω,i = sigα

(
eω,i

) (35)

The common structure of the PI-shaped FTC [19], [21],
[26] can also be achieved by substituting zω,i for sigα

(
zω,i

)
in (35) as

ψ
PI2−FTC
ω,i = −kPi sig

α
(
eω,i

)
− k Iω,izω,i

= −kPi sig
α
(
eω,i

)
− k Iω,i

∫
sigα

(
eω,i

)
dt (36)

Moreover, the common proportional FTC structure
[22], [24] can be achieved by setting the integral and
integrand gains to zero (i.e. k Ii = 0 and kZi = 0) in the
proposed GPI-FTC, which gives:

ψP−FTC
ω,i = −kPi sig

α
(
eω,i

)
(37)

Furthermore, the asymptotic-convergent controllers with
the proportional [6], [16], [17], [29], [R1], [R2], and the PI-
shaped [11], [12], [28], [R3], [R4] structure are achieved by
setting the fractional power α = 1 in (36) and (37) as

ψPI−ACC
ω,i = −kPi eω,i − k

I
ω,i

∫
eω,idt (38)

ψP−ACC
ω,i = −kPi eω,i (39)

where the superscript ACC denotes the asymptotic conver-
gence controller.

The proposed GPI-FTC provides finite-time conver-
gence with a distinct structure compared to existing

FIGURE 4. Schematic diagram of the power layer of the
microgrid [26].

TABLE 1. Microgrid system parameters [19], [26].

P-shaped [22], [24], and PI-shaped [19], [21], [26] con-
trollers. Moreover, the designed scheme is less conservative
on control parameters compared to the LMI conditions
in [17], [21], [27]. The proposed controllers feature the
leader-following schemes [16], [17], [21]. The reference
voltage and frequency values are determined by the virtual
leaders, which resembles a pinning control scheme [16], [21].

IV. CASE STUDIES
Fig. 4 shows the single-line power layer of a typical
islanded microgrid, including 4 DGs and 5 loads originally
(an additional load will be switched on in Case 2). The system
parameters of the microgrid are given in Table 1 [26]. With
the scheme shown in Fig.1 and detailed parameters listed
in Table 1, the voltage and current regulators are employed
to be the inner control loops of DGs. The microgrid, the CN,
and the control loops are modeled in MATLAB/Simulink
Simscape Electrical Blockset.

A continuous approximation of the sign function (i.e.
sign (x) = tanh (cx) , c > 0 is used to avoid chattering in
the proposed FTC.

Numerical scenarios are studied to examine the perfor-
mance of the proposed GPI-FTC, such as: I–Small signal
analysis; II–Connection of a new load; III–Performance
comparison of the proposed GPI-MDSC with the exact
voltage regulation; and IV–A DG is forced outage. The

62 VOLUME 8, 2021



Zhang et al.: Distributed Secondary Control of a Microgrid With A Generalized PI Finite-Time Controller

TABLE 2. Parameters of the proposed GPI-MDSC.

FIGURE 5. Illustrations of the CN topology: (a) Normal operation;
(b) DG 3 outage.

FIGURE 6. Impact of control gains on the dominant modes. The
grid lines are shown at ωn = 3,4,5,6,7 and
ζ = 0.34,0.41,0.48,0.57,0.68,0.78,0.88,0.97.

pinning gains are set to be g1 = 1 and g2 = g3 = g4 = 0
[19], [29] because it is assumed that onlyDG1 has connection
with the virtual leader.The CN topology shown in Fig. 5 (a) is
utilized for all the cases except when DG 3 is forced outage
in Case 3, whereas it is altered to Fig. 4 (b) after the outage
of DG 3.

A. CASE 1. SMALL SIGNAL ANALYSIS
Fig. 6 depicts the trajectories of the dominant modes of the
closed-loop system, when each control gain is increased from
1 to 10 while other gains are kept constant at 5. Dominant
modes move away from the imaginary axis and toward the
real axis by increasing kZ (either kZv and kZω ) and k

P (either
kPv and kPω). The proposed GPI-FTC scheme provides higher
degree of freedom in regulating the transient behavior [24]
compared to proportional controller. The impact of kZ

in Fig. 6, implies that the proposed GPI-FTC yields larger
closed-loop eigenvalues, compared to the conventional PI
schemes [21], [26], [29] in which kZv = kZω = 0.
The conventional consensus-and-PI-based controller can

also be improved by using the communication weights
or coupling gain. However, the coupling gain resembles
adding the consensus-based error to the proportional part
of the PI controller. Adding the consensus-based error∑

j∈Ni aij(sig
α
(
eω,i

)
− sigα

(
eω,j

)
) is similar to modifying

the proportional gain of the controller under the effect
of the Laplacian matrix gains. However, modifying the
communication weights or coupling gains can affect the

FIGURE 7. DG outputs when load increases: (a) Frequency; (b)
Active Power; (c) Voltage; (d) Reactive power.

performance and convergence of the consensus algorithm
including the distributed average voltage observer. As shown
in Fig. 6, adding the integrand-based consensus error∑

j∈Ni aij(sig
α
(
zω,i

)
− sigα

(
zω,j

)
) to the dynamics of the

integrand in the proposed GPI-FTC can act identical to
modifying the proportional control gain (i.e. KP) as the
gains KZ and KP have similar impact on the dominant
modes illustrated in Fig. 6. Nonetheless, the proposedmethod
provides one more degree of freedom, and the control gains
KZ and KP can be modified independently.

B. CASE 2. PERFORMANCE OF THE GPI-FTC
WHEN LOAD CHANGES
In this case, the primary droop is activated at t = 0.5s.
Then, the proposed GPI-MDSC is enabled at t = 1.5s.
Moreover, the Load 6 is connected at t = 3. The output
frequency, voltage, active power, and reactive powers of the
DGs are shown in Fig. 7. As shown in Fig. 5 (a), the microgrid
frequency deviates from its nominal value under the primary
droop and without the secondary control. Enabling the
proposed GPI-FTC restores the microgrid frequency and
voltage to their nominal values and automatically shares the
power demand among the DGs.

As shown in Figs. 7 (c) and (d), the leader-following
voltage regulation (DG 1 is the leader) with the proposed
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FIGURE 8. DG voltage and reactive power under different control
methods: (a) and (d) proposed GPI-FTC with exact voltage
regulation; (b) and (e) proposed GPI-FTC with leader-following
voltage regulation scheme (DG1 is the leader); (c) and
(f) proposed GPI-FTC with average consensus voltage
regulation scheme.

Q-sharing control is activated and the compromise between
voltage regulation and the Q-sharing is achieved using (29)
and (30), as pointed out in Proposition 2 in Section III. Under
the proposed GPI-FTC, the voltage of the leader (i.e. DG 1) is
set to the reference value and the voltages of the follower DGs
are varied with respect to the Q-sharing controlled and line
impedances. As shown in Fig. 7 (c), the voltages all the DGs
are kept within the practical range.When Load 6 is connected
at t = 4.5s, it can be seen from Figs. 7 (a) and (b) that
the proposed GPI-FTC automatically regulates the frequency
and share the new power demand based on the droop gains,
automatically. In addition, the voltage profile is regulated
under the proposed GPI-FTC.

C. CASE 3. PERFORMANCE COMPARISON OF THE
PROPOSED Q-SHARING GPI-FTC WITH
EXACT VOLTAGE REGULATION
In this case, the performance of the proposed GPI-FTC is
compared with the exact voltage regulation method. The
proposed GPI-FTC is enabled at t = 0.5s. Figs (a), (b) and (c)
are DG voltage under exact voltage regulation scheme,
proposed GPI-FTC with leader-following voltage regulation
scheme (DG 1 is the leader), and proposed GPI-FTC with
average consensus voltage regulation scheme, while Figs (d),
(e) and (f) are their corresponding DG reactive power. The
exact voltage regulation as well as the proposed GPI-FTC
are enabled at t = 0.5s. As depicted in Figs. 8 (a) and (d),
the exact voltage regulation method can regulate all voltage
of DGs to the nominal voltage (380 V), but it can not realize

FIGURE 9. Outputs of the distributed average voltage observer.

desirable Q-sharing (Fig. 8 (d))as there is no additional degree
of freedom. For the proposed GPI-FTC, either the leader
voltage (DG 1 in Fig. 8 (b)) or average voltage (Fig. 8 (c))
is regulated to the nominal voltage and Q-sharing control
(Figs. 8 (e) and (f)) can be conducted simultaneously. The
outputs of the distributed observer for proposed GPI-FTC
with average consensus voltage regulation scheme ((c) and (f)
in Fig. 8) are shown in Fig. 9. It can be seen that the
distributed observer outputs (i.e. estimated average voltages)
of all the DG units converge soon after the proposed GPI-FTC
is enabled.

D. CASE 4. SUDDEN OUTAGE OF DG 3
In the following, the performance of the proposed GPI-FTC
is examined under converter outage. At the beginning,
the microgrid system is under the proposed GPI-FTC, while
DG 3 is suddenly disconnected at t = 0.5s. The original CN
topology before DG 3 outage is depicted in Fig. 5 (a), whereas
it is changed to Fig. 5 (b) after DG 3 outage. Performance
of the proposed GPI-MDSC in regulating the state variables
after sudden outage of DG 3 is shown in Fig. 10. The
results in Fig. 10 confirm the resiliency of the proposed
GPI-FTC to preserve the stability of the microgrid with
diverse configurations of the CN under DG outage.

E. CASE 5: PERFORMANCE COMPARISON OF THE
PROPOSED GPI-FTC WITH THE CONVENTIONAL
PI CONTROLLER
In this case, the performance of the proposed GPI-FTC is
compared with the conventional P-shaped controllers in (37)
and (39) and the PI-shaped controllers in (36) and (38).
First the impact of the added consensus-based dynamic
on performance of the proposed GPI-FTC is evaluated
in Fig. 11 and then the proposed GPI-FTC is compared to
existing P-shaped and PI-shaped controllers in Fig. 12. The
secondary frequency and active power controllers are enabled
at t = 0.5s.
The control gains are set to kPω,i = kPP,i = 15 and k Iω,i =

k IP,i = 60 for both the proposed controllers. In order to
examine the impact of the proposed consensus-based inte-
grand terms (i.e.−KZ

ωLsig
α (zω) in (24) and−KZ

PLsig
α (zP)

in (25)), the gains kZω,i and k
Z
P,i are increased from 4 to 15 in

the proposed GPI-DCS, whereas kZω,i = kZP,i = 0 in the
conventional PI control. Results are shown in Fig 11.
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FIGURE 10. Large signal stability of the proposed controller
when DG 3 is forced outage: (a) Frequency; (b) Voltage;
(c) Active power; (d) Reactive power.

FIGURE 11. Impact of adding the proposed consensus-based
integrand term and Performance comparison of the proposed
GPI-DCS with the conventional PI (a) Average power sharing
error, (b) Frequency.

As depicted in Fig. 11, the proposedGPI-FTC improves the
transient response of the P-sharing error and the frequency,
compared to the conventional PI control, by reducing the
overshoot and the settling time. It is also worth noting that
with the arbitrary PI gains and by increasing γωi and γPi from
4 to 15, the overshoot is further decreased, which verifies the

FIGURE 12. Performance comparison of the proposed GPI-DCS
with the conventional P-shaped FTC [22], [24], P-shaped ACC
(i.e., not FTC) with asymptotic convergence [6], [16], [17], [29],
[R1], [R2], PI-shaped FTC [19], [21], [26], and PI-shaped ACC
(i.e., not FTC) [11], [12], [28], [R3], [R4] (a) Average power
sharing error, (b) Frequency.

advantage of adding the proposed consensus-based integrand
term to the conventional PI control scheme.

Moreover, the performance of the proposed GPI-FTC is
compared to the conventional P-shaped FTC [22], [24],
P-shaped ACC (i.e. not FTC) with asymptotic conver-
gence [6], [16], [17], [29], [R1], [R2], PI-shaped FTC [19],
[21], [26], and PI-shaped ACC (i.e. not FTC) [11], [12], [28],
[R3], [R4] in Fig. 12. It is shown that the transient
response of the frequency regulation and power-sharing loops
are improved using the proposed GPI-FTC compared to
conventional control schemes.

V. CONCLUSION
This paper proposed a generalized proportional-integral
controller for distributed secondary regulation of frequency
and voltage and power-sharing in a standalonemicrogrid. The
conventional proportional and PI controllers with asymptotic
and finite-time convergence can be modelled as specific case
of the proposed GPI-FTC under specific parameter settings.
The proposed GPI-FTC is synthesized by modifying the
traditional PI scheme and adding a consensus term to the
integrand dynamics. The proposed GPI-FTC improves the
transient response of the traditional distributed PI schemes
and provides fast and finite-time convergence of the system
states. The control actions are determined by communicating
to neighbor units, which enables scalability and supports
plug-n-play features. Stability and design of the presented
GPI-FTC follows the control Lyapunov function technique.
Lyapunov stability and finite-time convergence of the control
loops are proved mathematically and their performance
are evaluated through numerical studies employing detailed
switched models of the microgrid. Firstly, the result of small
signal analysis confirms that the proposedGPI-FTC improves
the transient and steady state response of the control loop. The
performance of the proposed GPI-FTC is verified under load
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change and suddenDGoutage. TheQ-sharing in the proposed
GPI-FTC is compared with the exact and average voltage
regulation. Transient performance of the proposed GPI-FTC
is compared to conventional PI controllers and it superiority
is shown.
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