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Abstract—Microgrid’s voltage regulation is of particular im-
portance during both grid-connected and islanded modes of op-
eration. Especially, during the islanded mode, when the support
from the upstream grid is lost, stable voltage regulation is vital
for the reliable operation of critical loads. This paper proposes a
robust and data-driven control approach for secondary voltage
control of AC microgrids in the presence of uncertainties. To this
end, unfalsified adaptive control (UAC) is utilized to select the
best stabilizing controller from a set of pre-designed controllers
with the minimum knowledge required from the microgrid. Two
microgrid test systems are simulated in MATLAB to verify the
effectiveness of the proposed method under different scenarios
like load change and communication link failure.

Index Terms—Microgrid, secondary voltage control, switching
control, unfalsified adaptive control.

NOMENCLATURE
Uref Reference voltage.
Voi Terminal voltage magnitude of the i** DG.
wj Operating angular frequency of the i** DG.
0 Angle between " DG reference frame and the
common reference frame.
gi Pinning gain
aij Weight of the edge between node ¢ and node
7 in a communication graph.
b Active power of the i" DG.
Q; Reactive power of the i*"* DG.
Toi Terminal current magnitude of the it" DG.
i Filter current of the it DG.
Vi Voltage droop reference value of the i*"* DG.
Wi Frequency droop reference value of the i*" DG.
nQ; Voltage droop coefficient of the i‘" DG.
Pl PI controller used for providing voltage and

reactive power ratio consensus.
Bei Proportional coefficient of the PI,.;.

Qg Integral coefficient of the P1,.;.

Pl PI controller used for tracking the reference
voltage.

Bti, Proportional coefficient of the P1,;;.

Qg Integral coefficient of the Pl,;;.

Vyei Auxiliary control input for PI,;.

Vti Auxiliary control input for Pl,;;.

c Controller bank.

V; Cost function for the it* controller in the

controller bank of a single agent system.
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Vi Multiagent cost function for the k" DG.

Tk Fictitious reference signal of r for the k'"
controller in the controller bank.

A Designing Parameter for the UAC.

I. INTRODUCTION

CCORDING to the Department of Energy, microgrids

are a group of inter-connected loads and distributed gen-
erators (DGs) that are located in a specific electric boundary
and can act as a fully controllable system component from
the perspective of upstream electric grid [1]. Microgrids can
facilitate the smooth integration of renewable energy resources
such as wind turbine generators, photovoltaic systems, fuel
cells, etc. and improve the reliability, efficiency, and resilience
of power grids by incorporating information and communica-
tion technologies. Microgrids can operate autonomously from
the upstream grid in an islanded mode. They can provide
guaranteed stability and a continuous supply of power to the
critical customers through their hierarchical control structure
including primary, secondary, and tertiary control levels [2]-
[4].

During the normal operation, microgrids are connected to
an upstream grid where the upstream grid satisfies the voltage
and frequency stability of the microgrid. However, entering
the islanded mode, intentionally or unintentionally, can cause
voltage and frequency instability in the microgrid. Primary
control is deployed to maintain the voltage and frequency
stability of the microgrid. However, after the islanding pro-
cedure, the microgrid’s voltage and frequency slightly deviate
from their nominal values. These deviations are compensated
by the secondary control level to operate the microgrid at
nominal voltage and frequency values [5]-[7]. According to
[8], moreover, secondary control is responsible for reliable
and economic operation of microgrid by finding the optimal
or near optimal generation of DGs and accoridngly dispatch-
ing them. Conventionally, secondary control is implemented
using a centralized communication structure. More recently,
distributed secondary control approaches have been intro-
duced to accommodate a more reliable and flexible voltage
regulation and frequency restoration [9]-[12]. Due to the
microgrid’s distributed nature, the multi-agent control structure
is a valuable approach for its control. In the distributed multi-
agent microgrid control system, all DGs communicate through
a peer-to-peer communication network and each DG only
needs its information and the information of DGs that can
communicate to it directly [13]-[16].

In this paper, distributed secondary voltage control of
microgrids is of concern. The stability of voltage control
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of microgrids depends on different factors including DG’s
primary control parameters, and microgrids’ uncertainties,
unknown dynamics, load changes, DGs’ availability, etc. These
factors can affect the performance of the microgrid voltage
control system such that the voltage stability margin is violated
which in turn results in the microgrid voltage instability.
After a microgrid is islanded, adopting the distributed voltage
control parameters that can guarantee the voltage stability is of
paramount value. Conventional distributed secondary voltage
control assumes fixed control parameters that are well suited
for a specific condition of the system. However, with fixed
control parameters, the microgrid may become unstable due
to the uncertainties associated with the microgrid’s dynamics,
loads, and DGs. Therefore, robust and adaptive secondary
voltage control of microgrids is of particular importance to
improve their reliability and resilience.

The robust and adaptive secondary voltage control of mi-
crogrids has been investigated in [17]-[22]. In [17], a model
free voltage secondary control using a multiple model adap-
tive approach is designed. The performance of this method
heavily depends on the estimation of unmodeled dynamics.
In [18], a robust distributed secondary controller is designed
for voltage/frequency restoration and reactive/active power-
sharing of an islanded microgrid in the presence of commu-
nication uncertainties. Reference [19] aims to attenuate the
parametric uncertainties of a DC microgrid using the linear
matrix inequality (LMI) approach. Reference [20] designed
a robust finite-time controller to improve the robustness and
stability of secondary control of a microgrid against various
uncertainties. Reference [21] proposes an analytical method
to handle communication delays for the secondary voltage
control of microgrids. In [22], a model predictive control
based optimization is used to propose a supervisory secondary
voltage and frequency method.

In this paper, unfalsified adaptive control (UAC) is utilized
to accommodate a robust and adaptive control for distributed
secondary voltage control of microgrids. Reference [23] pro-
poses the concept of UAC in the literature for the first time.
The stability proof of this method is presented in [24], [25].
In [26], the multi-model UAC is proposed which requires
a model bank in addition to the controller bank. In [27],
a fuzzy cost function is introduced for UAC to improve
its performance. UAC is a model-free, data-driven, robust,
and adaptive methodology which uses input-output plant data
to control and evaluate the performance and stability of an
uncertain plant. UAC assumes a group of controllers in the
controller bank that are predesigned for different conditions
of the system and aims to select the most optimized controller
according to the control objectives. At each time instance,
UAC only puts one controller in the loop. Other controllers are
called outside loop controllers in the controller bank . Different
algorithms have been proposed in the literature to implement
UAC. These algorithms are e- hysteresis, Increasing Cost
Level Algorithm (ICLA), and Linear Increasing Cost Level
Algorithm (LICLA) [28]. In this paper, LICLA is used since
it does not require a monotone cost function and has a better
performance compared to its peers. Adopting a proper cost
function to accommodate a stable operation in the system is

of particular significance. To ensure stability, The cost function
needs to be cost-detectable [24]. Cost-detectability denotes
the ability of cost function in identifying the instability in
the system by using only input-output plant data. The cost
function is based on the fictitious reference signal, which is
important from real-time and data-driven points of view. This
signal is the answer to the following question: “If the outside
loop controller had been in the loop, what reference input
would have generated the input-output plant data?”

The literature review highlights some of the gaps in the
existing microgrid secondary voltage control techniques that
are addressed in this paper. The existing secondary control
techniques only rely on a single control protocol which may
make the system unstable under some conditions (e.g., change
of microgrid load). Moreover, there is a need for a robust and
adaptive voltage regulation with the least possible assumptions
and information from the microgrid. To address these gaps, the
contributions of this paper are summarized as follows:

o It is the first time that UAC is introduced to the microgrid
secondary voltage control for guaranteeing the voltage
stability of microgrid under a wide range of operating
conditions.

o The UAC-based secondary voltage control accommodates
a robust and adaptive control framework that requires
minimal information from the microgrid system. The
UAC engine is responsible for selecting the appropriate
distributed control parameters to ensure the stability of
control system. The proposed control system accounts
for the uncertainties in the microgrid system.

e A cost-detectable cost function for UAC in a multi-
agent system structure is proposed which helps the UAC
algorithm find the most appropriate controller for the
microgrid secondary voltage control.

The structure of this paper is as follows: Section II discusses
some preliminaries on microgrid dynamics and secondary
voltage control. Section III explains the required preliminaries
of UAC. In Section IV, the UAC is proposed for secondary
voltage control of microgrids. In Section V, simulation results
are presented to verify the effectiveness of the proposed
voltage secondary control algorithm. Section VI concludes the

paper.

II. MICROGRID’S PRELIMINARIES
A. Microgrid Dynamic Model

The microgrid system considered in this paper consists of
DGs, loads, and the lines interconnecting them, as well as
a communication network and nested control loops. All the
DGs in this paper are assumed to be inverter-based ones (see
Fig. 1). As seen in Fig. 1, an inverter-based DG includes an
inverter bridge, a primary DC power source, power controller,
current controller, and voltage controller. All DGs utilize a
communication network to exchange data among them. It is
assumed that the communication network contains at least one
directed spanning tree.

In this paper, the microgrid’s dynamic used for simulation
is completely nonlinear, which makes it very close to a real
microgrid in practice. In this paper, the nonlinear dynamical
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Fig. 1. An inverter-based DG.
model of an inverter-based microgrid discussed in [11] is

utilized. The nonlinear dynamical model of an inverter-based
DG can be formulated in d-q reference frame as

(D

{ d(;cti = fi(x;) + ki(z:)D; + gi(xi)u;

where

Ty = [ 51’ P; Qi ¢di ¢qi Ydi Vqi Ldi
. . . T
Ugi Vodi Vogqi  todi logqi ]
T

Yi = [ Wi Voi ]T

where §; is the angle between " DG reference frame and the
common reference frame, P; is the active power, and Q); is
the reactive power. State variables ¢q4; and 744 are the direct

and qnadra{nrp components of state variables related to inner

voltage and frequency droop characteristics. The voltage droop
characteristic is

vhy = Vi —nQiQi (2)

where v;|is the reference for the internal voltage and current
control lgops of DG to control the DG’s terminal voltage
magnitude v,;; The term V,,; is the voltage droop reference
value; The coefficient ng; is the voltage droop coefficient,
and Q; ig the reactive power of i*" DG. The voltage droop
coefficients are chosen based on the reactive power ratings of
DGs.
The voltage droop control is only able to maintain the volt-
age stability of the microgrid. Using voltage droop control, the
microgrid|s voltage stays within a stable range but with a slight
deviation |from the nominal voltage, v,,.,. The objectives of
the secondary voltage control are (i) to restore DGs’ voltage
magnitudes to a reference voltage, v,..f (vycrcan be selected
as Upom Or can be tuned to control the microgrid’s critical
bus voltage, v.), and (ii) to synchronize all the DG’s reactive
power ratios to the same values enforced by the primary
voltage dioop control. To have secondary control regulate the
voltage off a critical bus of microgrid, v,y is selected as [6]

Vref = QCr / (vnom, - Uc)dt + ﬂC’r(rUnom - vc) (3)

where (¢ and a¢, are the proportional and integral coef-
ficients of the PI controller for v,.; , respectively. This PI
controller|is referred to as Plc,.

The se¢ondary voltage control problem can be interpreted
as a multi-agent system. Differentiating the voltage droop
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voltage and current controllers, respectively. State variables
Vodgi» Ldgi» and i,44; are the direct and quadrature components
of output voltage, filter current, and output current of DG,
respectively. Matrices f;, k;, g;, and h; and vector D; are all
defined in [11]. Variables v,; and w; are the DG’s terminal
voltage magnitude and operating frequency; variables V,,; and
wn; are the voltage and frequency droop reference values that
will be described in Section IV.

Since the focus of this paper is on the secondary control
of an islanded microgrid, all inverters are assumed to be
operating in the grid-forming mode. In this mode, the inverters
can operate at their own operating voltage and frequency in
order to effectively maintain microgrid’s stability right after
the islanding occurs. According to [29]-[34], in the grid-
forming mode, inverters do not require a phase locked loop
(PLL) to operate. However, a PLL is an essential part of a
grid-following inverter in order to effectively synchronize the
inverter to the rest of microgrid.

B. Distributed Secondary Voltage Control

The microgrid voltage control system in this paper consists
of primary and secondary controls. Primary control guarantees
that the voltage of the microgrid is stable after entering
islanding mode. The secondary control which is the focus
of this paper aims to accommodate proper voltage/frequency
tracking and active/reactive power sharing in a microgrid.
At each inverter-based DG, the primary control includes the

characteristic of it* DG, one has
de' o d’l}:i dQl
- nQi
dt dt dt

In this paper, the voltage droop reference value V,,; is defined
as

Vni = Qg / vvcidt + Bcivvci + /thidt + Btivvti (5)

4)

where [.; and «.; are the proportional and integral coefficients
of the PI controller used for providing voltage, v,;, and
reactive power ratio, ng,();, consensus, respectively. This
PI controller is referred to as Pl,.. [ and «y; are the
proportional and integral coefficients of the PI controller used
for tracking the reference voltage v,..y, respectively. This PI
controller is referred to as PI,;. The auxiliary control inputs
Vpei and v,y are defined as [6]

Uyei = ZjeNi aij(Voj — Voi) ©)
+2 e, (nQ; Q5 — nqiQs)

Voti = Gi (Uref - vm’) (7)

where ¢g; is the pinning gain and is only nonzero for the
DGs that have access to v..r. a;; is the weight of the
communication graph edge between i*" and j** DGs. The
auxiliary control input v,.; is available on all DGs and is
responsible for providing voltage and reactive power ratio
consensus among DGs. The auxiliary control input v,,; is only
active on the DGs that have access to vy.f, and is responsible
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Fig. 3. Imaginary feedback loop.

for regulating the microgrid voltage. To avoid the issue of
single point of failure, more than one DG can have access to
Vres. This means that if one of those DGs loses its access to
Vref, the remaining ones can safely use v,y to synchronize
the voltage of critical bus to the nominal voltage of microgrid.

IITI. UNFALSIFIED ADAPTIVE CONTROL

The overall block diagram of a switching adaptive control
system is illustrated in Fig. 2. As seen, a switching adaptive
control system contains a controller bank, an unknown plant
p, and a supervisor. The controller bank is defined as follows,

o Sils)
“= {Cz(s) © Ri(s)

where R; and S; are polynomials and N denotes the number of
existing controllers in the controller bank. The active controller
selected by the switching algorithm at time ¢ is denoted by
Co(t)-

UAC is a switching adaptive control that requires the
minimum knowledge from the plant model. At each time
instance, there is only one active controller in the loop and
other controllers in the controller bank are called outside-
loop controllers. In UAC, the supervisor’s role is to select a
stabilizing and appropriate controller according to the con-
trol objectives. The important feature of UAC is that the
supervisor only requires input-output plant data (u,y) and
is not dependent on the plant model. This unit involves a
switching algorithm and a cost function. Conventionally, the
cost function is selected as

i — Y + |lu
ity < 17~ Vo * Il
a+ HTiH[o,t]

i=1, N} 8)

€))

where V; and 7; are the cost function and the fictitious
reference signal of ‘" controller in the controller bank,
respectively. In this paper, tilde symbol is used to define the

fictitious value of a variable. u and y are the input-output plant
data. «v is a positive real value. This paper introduces new cost
functions for the proposed UAC-based distributed secondary
voltage control of microgids which are described in Section
Iv.
Definition: Fictitious reference signal of ith controller, 7;, is
an imaginary signal that regenerates the input-output data of
an unknown plant p (See Fig. 3).

Assuming that the controllers in the controller bank are non-
minimum phase, this signal can be calculated as follows,

Fi(t) = ¢ M (s)ult) + y(t)

It should be noted that the controllers used for distributed
secondary voltage control are usually non-minimum phase.
However, if there is at least one minimum phase controller
in the controller bank, the method proposed in [25] can be
utilized to calculate the fictitious reference signal.

The switching algorithm evaluates the performance of the
active and the outside-loop controllers according to their cost
function. The algorithm used in this paper is LICLA which
can be seen in the following Algorithm [28],

(10)

Algorithm: LICLA
Initialization:

A< 2,20,A1>0,C={c,c;,....cp} , c, () eC,t <0

t <t +1, collect data, calculate V.

If V,,, > A(t) Then C <« C\c , is falsified.

If C e Then C «{c,c,,...,cy} endif

o(t-1) = co(/—l

Coy =argming, V,(0),A < A+AL

Cotty = Cotin
endif

2
3
4
5
6 else
7
8
9 Back to line 2.

The active controller is falsified by input-output plant data
if its cost function is greater than a positive value A(t). The
falsified controller is removed from the controller bank and the
controller with the lowest value cost function is replaced with
the falsified controller. If the controller bank becomes empty,
all the controllers are pushed back to the controller bank.
Definition: If at least one stabilizing controller exists in the
controller bank, the adaptive control problem is feasible.
Definition: Given the input-output plant data (u,y) and a
closed-loop system with reference input r, the closed-loop
system is stable if, for all r € ls., m,n > 0 exist such that,

lulli,g + 1¥ll.5y <mlIrllipq +n (1D

UAC considers assumptions on the cost function instead of
assumptions on the plant. For UAC, to be stabilizing, the cost
function needs to be cost-detectable. The following statement
must be true for a cost detectable cost function: The function
V¢ (.) is bounded if and only if (p/cy) is stable, where ¢y is
the final controller in the loop and V(.) is the cost function of
the final controller in the loop. System (p/cy) is a closed-loop
system with p and c¢ in its forward path [26].
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from loads) can affect the performance of the voltage control
such that the voltage stability margin is violated. Therefore,
after the microgrid islanding, adopting the distributed voltage
control parameters that can guarantee the voltage stability is
of paramount value. In this section, the UAC is proposed for
the distributed secondary voltage control of AC microgrids.
To this end, the conventional UAC, proposed in Section IV, is
reformulated for a multi-agent system and a new cost function
is defined accordingly. In the proposed UAC-based distributed
secondary voltage control, UAC can be located on any of the
DGs. Depending on the access of DG to vy, two different
cost functions are proposed which are elaborated as follows:
If a DG has access to vy, then UAC selects the proper
PI,; in (5). To avoid the issue of single point of failure,
more than one DG can have access t0 v,.r. In Fig. 4a, the
block diagram of UAC integrated into a DG with access to
Vpeys 18 illustrated. In this figure, NV is the number of existing
controllers in the UAC controller bank. Also, {c1,ca,...,cn}
denotes the set of controllers in the controller bank and o
is the index of the selected controller. The UAC ensures the
stability of this loop if the problem is feasible, i.e., there is
at least one stabilizing controller in the controller bank. If the
microgrid dynamics change and the active controller becomes

destabilizing, the UAC identifies this issue and changes the
active controller to a stabilizing one. In this paper, the cost
function of UAC is reformulated for the microgrid’s distributed
secondary voltage control system. The UAC cost function for
a DG with access to v,y is formulated as

_ 7k

- + ||u
ey < 1= Vo + el

o+ Hlf:kH[OJ] + 177)(;7]@

(12)

where 7, denotes the fictitious signal of r for the k*" controller
in the controller bank. Herein, the bar symbol is used to
describe the cost function in a multiagent system. r for the DG
that has access to the v, is equivalent to vy.c¢. v is a positive
real value. The term ¥, is equal to Z]GN | Dvej, k||[0 (1

term ¥, % is the fictitious signal of v,.;, defined in (6), for
Kkth controller in the controller bank.

Theorem: Consider a DG that has access to v,.s (or equiva-
lently r), input-output plant data (V,,;, v,;), the cost function
V(t) = {Vk(t)|k = 1,..., N} defined in (12), and the auxiliary
control inputs v,.; as disturbance signals. If the problem is
feasible and the pair of cost function and the controller bank
is cost detectable, then the UAC system is stable.

Proof: The proof is provided in the Appendix.

If a DG doesn’t have access t0 v,.f, then UAC selects the
proper PI,. in (5). In Fig. 4b, the block diagram of UAC
integrated into a DG without access to v,y is illustrated. The
cost function in this case is defined as

ekl + lullog

Vi(t) =

a+ ﬁvc,k (13)
where 0, is the fictitious signal of v, and Uy =
djen; 17 [0, @ is @ positive real value
Remark: The proposed unfalsified adaptive control approach
has separate solutions for the DGs with v,y access and
DGs without v,..¢ access. For the DGs with v,y access, the
cost function in (12) is used, while the DGs without v,
access utilize the cost function in (13). As discussed earlier,
to increase the reliability of distributed control of microgrid,
more than one DG can have access to v;.cy. Assuming that two
DGs have access to v, both DGs can have their own UAC
control in place using the cost function in (12). Doing so, if
one of the DGs with v,y access is outaged or loses its access
t0 e s, the UAC of the other DG with v,..y access can take
action and ensure voltage regulation and microgrid stability.
Moreover, DGs without v,y access can also have their own
UAC using the cost function in (13) to effectively select an
stabilizing controller based on the microgrid condition if all
of the DGs with v,y access are compromised.

V. SIMULATION RESULTS

In this section, the effectiveness of the proposed UAC-based
distributed secondary voltage control is verified by simulating
two different microgrid systems under different conditions
like load change and droop coefficient change. Moreover, the
impact of communication link failure and delay is studied.
The first microgrid test system is a 4 DG microgrid while the
second one is a 20 DG microgrid test system.
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Fig. 5. Case Study A: (a) microgrid diagram; (b) communication graph.

TABLE I
THE PARAMETERS OF 4 DG MICROGRID.

380 V, 50 Hz
9.4e—5
[1.95,1.95,2.25,2.25]e — 3
[1.3,1.3,1.5,1.5]e — 3

Unom.frnom
[mpl , Mp2, Mp3, mp4]
nQ11,MQ21, NQ31, NQ41
nQ12;NQ22, Q32 NQ42

nQ13,1Q23, NQ33, Q43 [1,1,1,1]e—3
Maximum active power of each load 144.4 kW
Maximum reactive power of each load 144.4 kVAr
Rloade Rload21 0.5
Rload127 Rload22 842
Xload117 Xload21 0.5
Xload127 Xload22 82
[Tlinelv Tline2> rlineS} 5e — 20
[Tlinels Tline2, Tlines] 1.6e—3Q

[Kp’U7 Kpc: K'Lvy K’Lc}
[Lf7 Cf7 LC]

[0.05, 10.5, 390, 16¢3]
[35 mH, 50 4F, 0.35 mH]

A. Case Study A

The microgrid test system for Case Study A is shown in Fig.
5a. The communication graph for the secondary distributed
control is illustrated in Fig. Sb.

1) Case Study Al - UAC with Voltage Droop Coefficient
Change when UAC is Located on DGI: In this section, the
change in the voltage droop coefficients of Case Study A
is analysed. The distributed secondary control of microgrids
utilizes a communication network which makes the secondary
control system accessible by cyber attackers. The attacker
can access to the primary controller of the DGs and change
their droop coefficients. The parameters of the microgrid
are provided in Table I. The loads are constant and use
[Ricad12; Rioad22; Xioad12; Xioad22] values in Table I. The
UAC is located on DG1 that has access to v.qr. It is assumed
that the microgrid goes to islanding mode at ¢ = 29.9 s. The
controller bank of the UAC includes the following controllers,
c1=2-2Y/1-2Y,c0=(05+04271)/(1 - 271),
where 21 is the unit backward operator. Controllers ¢; and
co are stabilizing controllers designed for voltage droop coeffi-
cients [ng11,nQ21, 1Q31, Ng41] and [ngi2, g2z, nQ32, NQa2),
respectively. These droop coefficients are provided in Table 1.
Between t = 29.9 s and ¢t = 69.9 s, it is assumed that the volt-
age droop coefficients of DGs are [ng11,nQ21, NQ31, NQ41)-
At t = 69.9 s, the voltage droop coefficients of DGs are
changed to [ngi2, nQ22, NQ32, NQ4z). The initial active con-
troller is c;. For each microgrid condition, the stabilizing
controller is designed as follows: First, the integral coefficient

@
=3
=3

380
500 375

370

400 - 30 40 50 60

300 -

DGs voltage magnitudes (V)

\ Vot Vo2 Vo3 Vo4
200 . . 7 7 7 7 7
0 10 20 30 40 50 60 70 80
Time (Second)
(@)
2 390 : ;
3
e - 4
3 %8s _ N
c
=
2380 }
S
® 375+ ]
(o] [
S
B 370g J ]
- \ Vot Vo2 Vo3 Vo4
O 365 ' '
a o 50 100 150
Time (Second)
(W)
= 10000 T T
<
2 at
2
g 8000 - —-—-83 1
15} Q4
Q.
o 6000 4
2 1
B Pesmememem e mmmm e -
© 4000 -
j
[
(O]
O 2000 : !
0 50 100 150
Time (Second)
©
3 . !
D2
[=
z 3
£ B |
=
» 1 ; ’ ]
0.
68 69 70 7 72
0 . .
0 50 100 150
Time (Second)

(d)

Fig. 6. Results for Case Study Al: (a) DGs’ voltage magnitudes using
conventional control; (b) DGs’ voltage magnitudes using UAC on DG1 with
Ao = 0.1; (c) DGs’ reactive powers using UAC on DGI1 with A\g = 0.1; (d)
controller switching instance using UAC on DG1 with A\g = 0.1.

of PI controller is set to zero and the proportional coefficient is
increased until the output oscillates with a constant period 7.
This ultimate coefficient is called K,,. Then, a proportional co-
efficient that is smaller than K, is selected so that the desired
stability margin is acquired. Finally, an integral coefficient that
is smaller than T;, is selected so that the desired response is
achieved.

First, the conventional secondary control is used. The con-
troller ¢, is used for the whole simulation. Between t = 29.9 s
and ¢t = 69.9 s, the controller ¢; accommodates a stable
voltage regulation. After ¢ = 69.9 s when the droop coeffi-
cients are changed to [ngi2, g2z, NQs2, NQ4z2), the controller
c1 results in the microgrid voltage instability (See Fig. 6a).

Then, it is assumed that DGI1 is equipped with UAC.
The designing parameter Ay in LICLA algorithm is set to
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0.1. The UAC notices that at ¢ = 69.9 s the controller
c; results in the microgrid’s instability and at ¢ = 70 s
switches to the stabilizing controller c; fast enough before
the microgrid stability margins are violated. The DGs’ voltage
magnitudes, reactive powers, and controller switching instance
are illustrated in Figs. 6b, 6¢, and 6d, respectively. Figs. 6b
and 6¢ show that UAC can effectively select the stabilizing
controller and the DG’s voltage and reactive powers are within
stable ranges. Moreover, microgrid’s voltages are synchronized
to the microgrid nominal voltage. As seen in Fig. 6d, after
t = 69.9 s, initially an unstable controller c; is the active
controller. However, UAC detects the unstable controller and
replaces it with the stabilizer controller in 0.1 s at t = 70 s.

The above scenario is also simulated when the parameter g
in LICLA algorithm is set to 0.9. Parameter )\ can impact on
the response of UAC for identifying the stabilizing controller.
As seen in Fig. 7, the UAC notices the instability slower than
before when A\g = 0.9. The UAC replaces the active controller
with the stabilizer one in 5.2 s at ¢ = 75.1 s.

2) Case Study A2 - UAC with Voltage Droop Coefficient
Change when UAC is Located on DG3 and a DG with
Access to vpoy Loses Its Access: The UAC can be used
for a DG that does not have access to v..r. Herein, UAC
is installed on DG3. The controller bank of the UAC in-
cludes the following controllers, ¢; = (1.1 — 1z71)/(1 —
271, co = (0.15 - 0.1271) /(1 — 271). Controllers ¢; and ¢,
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Fig. 8. Results for Case Study A2 when UAC is on DG3: (a) DGs’ voltage

magnitudes using conventional control; (b) DGs’ voltage magnitudes using
UAGC; (b) DGs reactive powers using UAC; (c) controller switching instance.

are stabilizing controllers designed for voltage droop coeffi-
cients [nQ11,nQ21,NQ31, Q1) and [nQ13, nQ23, NQ33, NQ43),
respectively. UAC uses the cost function formulated in (13).
The microgrid goes into islanding mode at ¢ = 29.9 s. The
voltage droop coefficient change is according to Table I and it
occurs at t = 69.9 s. After ¢t = 149.9 s, the DG that has access
to v,y loses its access. Therefore, after ¢ = 149.9 s, no DG
has access to v,..y. The simulation results are shown in Fig. 8.
As seen, the UAC on DG3 successfully selects the stabilizer
controller after voltage droop coefficients change. Moreover,
with the selected controller, microgrid can still maintain its
stability after DGI loses its access t0 vy.y.

3) Case Study A3 - UAC with Voltage Droop Coefficient
Change and Communication Failure and Delay: To show
the effectiveness of the proposed method under communi-
cation link delay, a delay of 0.1 s is applied to all of the
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communication links. Herein, a scenario similar to the droop
coefficient change scenario in Section V.A.l is considered.
The droop coefficient change occurs at t = 69.9 s. UAC is
also located on DGI. The islanding occurs at t = 29.9 s.
Moreover, a communication link failure pattern is considered
for the communication network that starts at ¢ = 49.9 s. In
this pattern, it is assumed that, first for a period of 0.1 s,
the communication links have no failures. Then, for a period
of 0.1 s, the communication link between DG1 and DG4
fails. Finally, for a period of 0.1 s, two communication links
between DG1 and DG4 and between DG3 and DG4 fail. This
communication failure pattern repeats until the end of the
simulation. As seen in Fig. 9, the UAC can successfully select
the stabilizer controller even in the presence of voltage droop
coefficients change, communication delay, and communication
failure.

4) Case Study A4 - UAC with Voltage Droop Coefficient
Change when a DG with Access to v,y Loses Its Access:
In this section, it is assumed that two DGs have access to
Vref. The UAC has two controller in the controller bank. The
controller bank includes, ¢; = (2.5 — 271 /(1 — 27 1), c0 =
(0.5 + 0.4271)/(1 — z71). Controller ¢; and cy are the
stabilizing controllers designed for voltage droop coefficients
[nQ11,nQ217nQ31,nQ4ﬂ and [nQ12vnQ22,nQ32’nQ42], re-
spectively. The initial active controller is ¢;. The microgrid
goes to islanding mode at t = 29.9 s. Between t = 29.9 s
and ¢ = 69.9 s both DG1 and DG2 have access to v.cr. At
t = 69.9 s, the droop coefficient change occurs. Also, at this
time DG loses its access to v,..s. Therefore, after £ = 69.9 s
only DG2 has access to v,.¢. As seen in Fig. 10, the UAC on
DG2 successfully selects the stabilizer controller after droop
coefficient change and DGI loses its access to vpey.

The above scenario is also simulated when both DG1 and
DG2 lose their access to v.oy at t = 29.9 s. It should be
also noted that even if all DGs lose their access to v,.y, the
microgrid can still maintain its stability. However, in this case,
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Fig. 10. UAC Results for Case Study A4 with failure in one of the DGs
that has acces to vcp: (a) DGs’ voltage magnitudes using conventional
method; (b) DGs’ voltage magnitudes using UAC; (c) DGs’ reactive powers;
(d) controller switching instance.

the microgrid voltage is not regulated. This is shown in Fig.
11.

5) Case Study A5 - UAC with Load Change: Con-
sider the 4 DG microgrid with constant droop coefficients
[nQ12, nQ22, NQ32, NQaz] but variable loads. It is assumed that
the microgrid goes to islanding mode at ¢ = 29.9 s. Between
t =0sandt = 69.9s, it is assumed that loads of the microgrid
are RX;. Att = 69.9 s, the loads are changed to RX5, where

RX1 = [Rioadi11; Rioad21; Xioadi1; Xioad21],
RXZ = [Rload12a Rload227 Xloadl?a Xload22]-

The controller bank of the UAC includes the following con-
trollers, ¢; = (2— 271 /(1 —271),e0 = (0.5 +0.4271) /(1 —
2*1). Controller ¢; and ¢y, are the stabilizing controllers
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Fig. 11. UAC Results for Case Study A4 with failure in all DG that has

acces to vpcf: (a) DGs’ voltage magnitudes; (b) DGs’ reactive powers.

designed for loads RX; and RXo, respectively. The initial
active controller is c¢;.

The result of using the conventional distributed secondary
voltage control are shown in Fig. 12a. As seen, after load
change at t = 69.9 s, the conventional method fails to keep
the microgrid’s voltages stable. Then, it is assumed that UAC
is located on DG1 with Ao set to 0.1. The simulation results
for this case are provided in Figs. 12b, 12c, and 12d. After
islanding between ¢ = 29.9 s and ¢t = 69.9 s, the controller
¢y is the stabilizer controller. After ¢ = 69.9 s, when the
microgrid load decreases, the controller ¢; is no longer the
stabilizing controller. At t = 69.9 s, the UAC notices the
instability in the microgrid, and, at ¢ = 70 s, the active
controller is changed to the controller c;. The controller co
is the stabilizer controller for the load RX>5.

The results of the proposed method when parameter )\ is
equal to 0.7 are provided in Fig. 13. As seen, with this Ag,
UAC is slower than the case of Ay equal to 0.1. The UAC
notices the instability 0.4 s after the load change occurs and
replaces the active controller with a stabilizer controller in
t="70.3s.

6) Case Study A6 - UAC with Load Change and commu-
nication failure and delay: Assuming a load change scenario
similar to Case Study AS5, the performance of the proposed
method against the communication failure and delay is verified
in Fig. 14. The load change occurs at ¢ = 69.9 s. The
stabilizing controllers are similar to the ones in Case Study
A4. The communication failure and delay scenario is similar
to Case Study A3 in Section V.A.3. Fig. 14 shows that UAC
can effectively work in the presence of load change and
communication failure and delay.

B. Case Study B

The microgrid test system for Case Study B is shown in Fig.
15. The communication graph for the secondary distributed
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Fig. 12. Results for Case Study AS: (a) DGs’ voltage magnitudes using
conventional control; (b) DGs’ voltage magnitudes using UAC on DG1 with
Ao = 0.1; (c) DGs’ reactive powers using UAC on DGI1 with A\g = 0.1; (d)
controller switching instance using UAC on DG1 with A\g = 0.1.

control and the parameters of the microgrid are provided in
Fig. 16 and Table. II, respectively.

1) Case Study Bl - UAC with Voltage Droop Coeffi-
cient Change: The microgrid goes to islanding mode at
t = 17.94 s. UAC’s controller bank includes two con-
trollers, these two controllers are ¢; = (3 — 1.5271)/(1 —
27 Y,e0 = (1.65 — 0.15271)/(1 — z71). It is assumed
that c¢; is designed for the voltage droop -coefficients
[nQ11,nQ21, -, nQ201] and ¢ is designed for the voltage
droop coefficients [ng12, ng22, .., NQ202], Which are provided
in Table II. The parameter )y in LICLA algorithm is set to
0.1.

Between t = 17.94 s and ¢ = 41.94 s, it is assumed that the
voltage droop coefficients of DGs are [nQH, nQ2t, - anm].
At t = 41.94 s, the voltage droop coefficients of DGs are
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90 = N @

changed to [ngi2,mQ22,...,Ng202]. The initial active con-
troller is c;. First, conventional secondary voltage control is
considered. controller ¢; is used for the whole simulation.
Between t = 17.94 s and ¢t = 41.94 s, the controller ¢; results
in a stable voltage regulation. But, after ¢ = 41.94 s, when
the droop coefficients are changed to [ng12,ng22, ..., RQ202],
the controller ¢; no longer accommodates a stable voltage
regulation (see Fig. 17a). In the second scenario, the UAC
is utilized which notices the instability at ¢ = 41.94 s and
switches to controller cp at ¢ = 42 s fast enough before
the microgrid stability margins are violated. The voltages,
DGs’ reactive powers, and controller switching instance are
illustrated in Figs. 17b, 17c, and 17d, respectively. As seen,
all the voltage magnitudes are stable and track the nominal
value (380 V). Also, the reactive powers are in a stable range.

2) Case Study B2 - UAC with Load change: Con-
sider the 20 DG microgrid with constant droop coefficients
[no11, nQ21, ---» RQ201] but with variable loads. It is assumed
that the microgrid goes to islanding mode at ¢ = 17.94 s.
Between t = 0 s and ¢t = 119.94 s, it is assumed that the
loads of the microgrid are RX;. At ¢t = 119.94 s, the loads
are changed to RX5, where

RX1 = [Rioadi1s - Rioad201, Xioadi1, ---» Xioad201],
RX5 = [Rioad12; - Rivad202: Xioad12 ---» Xioad202]-
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Fig. 14. UAC Results for Case Study A6 with communication link delay and
failure: (a) DGs’ voltage magnitudes; (b) DGs’ reactive powers.

TABLE 11
THE PARAMETERS OF THE 20 DG MICROGRID.

'Unom,fnom 380V, 50 Hz
[Mmp1, ..., Mp20] 9.4e —5
Maximum active power of each load 207.1 kW
Maximum reactive power of each load 130 kVAr
Rivadi1s -+ Rioad101 050
Rivad12; - Rioad102 5Q
Xioadl1l) - Xload101 0.314Q
Xioad12) -5 Xload102 0.314Q
[nQi1, .- n@s1] 14, 23, 25, 26, 25]e — 4
[nge1, -, nQ101] 03, 28,22,23,33]e — 4
nQ111, -+, NQ151 (24, 3,23,24,3]e — 4
7Q161; -+ Q201 26,31,29,29,91]e — 4
[nQ12; -, n@s2] 14,23, 25,26, 25]e — 5
[nQ62; ---» nQ102] 93,28,22,23,33le — 5
NQ112; .-+ NQ152 24,30,23,24,30]e — 5
TQ162; -+ Q202 26,31,29,29,91]e — 5
Tlinel, Tline3, ---s Tlinel9 0.23 )
Tline2, Tlined, - line20 0.35 €2
Tlinel, Tlineds -+ Llinel9 3.1e—4Q
Tline2; Tlineds -+ Lline20 1.8e — 3%}
[Kpv; Kpey Kivs Kic] [0.05,10.5, 390, 16e3]
[L7,Ct, L] [1.35 mH, 50 pF, 0.35 mH]

The controller bank of the UAC includes the following
controllers, ¢; = (1.35 — 1.2271) /(1 — 27 1), co = (0.4 —
0.3271)/(1 — 271). Controller ¢; and cy are the stabilizing
controllers designed for loads RX; and RXj, respectively.
The initial active controller is c;. The parameter Ay in LICLA
algorithm is set to 0.01.

The result of the conventional method is presented in Fig.
18a. As seen, after the load change, the conventional method
is unable to maintain voltage stability of microgrid. However,
with UAC, the microgrid stability is maintained which is
shown in Figs. 18b and 18c. As seen in Fig. 18d, after
islanding, between ¢t = 17.94 s and t = 119.94 s, the
controller c; is the stabilizing controller. After ¢ = 119.94 s the
microgrid loads are changed to RX9 for which ¢; is no longer
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DGl | pe2 > pG3 b DG4 > DGs The UAC selects the best s.tabili.zil.lg controller from a se.t of
pre-designed controllers with minimum knowledge required
v from the microgrid. A new cost-detectable cost function is
pG10 kd DGs ke pas e pG7 kd DG6 propqsei tg account foF the Qistributed and multi—a'gent natu're
of microgrids. Two microgrid test systems are simulated in
' MATLAB to verify the effectiveness of the proposed method
under different conditions like load change, droop coefficient
DG11 | DG12 > DG13 > DG14 —{ DG15 . -
change, land communication delay and failure.
A4 APPENDIX A
DG20 [« DG19 «— DG18 [« DG17 «— DG16 PRELIMINARIES OF GRAPH THEORY

(a) A graph is used to model the communication system of a

Fig. 16. Communication graph of 20 DG microgrid system in Case Study B. microgrid. Thl.S graph can be defined by ¢ = (v’ & A)' visa
non-empty, finite set of Nv nodes. The nodes are connected

by arcs or edges as € C vxv. Matrix A is an adjacency matrix

stabilizer. At ¢t = 119.94 s, the UAC notices the instability in  with A = [ai;] € RNvXNv  \where a;; shows the weight of
the microgrid and at ¢ = 120 s the active controller is changed the edge (v s v;). If the node i receives information from the
to the controller c5. The controller ¢y is the stabilizer controller pode J 50 the node J is called a neighbor of the node 7 and

for loads RX5.

VI. CONCLUSION

This paper proposes a robust and adaptive voltage regula-
tion technique for the secondary control of islanded inverter-
based AC microgrids. To this end, a UAC-based approach
is designed for the microgrid’s distributed control system.
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(vj ’ vi)
neighbo

To pr

€ e. N, = {jl(vj,v;) € €} is a set that contains
rs of the node ¢ [6].

APPENDIX B
PROOF OF THEOREM

ove the stability of the secondary voltage control sys-

tem with UAC, the cost function needs to be cost-detectable,
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Fig. 17. Results for Case Study Bl: (a) DGs’ voltage magnitudes using
conventional control; (b) DGs’ voltage magnitudes using UAC on DGI; (c)
DGs’ reactive powers using UAC on DG1; (d) controller switching instance
using UAC on DGI.

i.e., the cost function of the final controller in the loop, Vf(.),
is bounded if and only if (p/cy) is stable.

First, assume that the (p/cys) is stable. According to the
stability definition and the additivity feature of LTI systems
one has

l[ullio.4 + 1¥llj0, < mo0llrllg, + o (14)
”“H[O,t] + ||1/||[0,t] < mj””vcj”[o,t] +n; VjeN,;
where u and y denote V,,; and v, respectively. For v,; = 0,

Vi(t) = 17 — yH[o,t] + ||u||[0,t}
/ a+ 77l + Boes

15)
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Fig. 18. Results for Case Study B2: (a) DGs’ voltage magnitudes using
conventional control; (b) DGs’ voltage magnitudes using UAC on DGI; (c)
DGs’ reactive powers using UAC on DGI; (d) controller switching instance
using UAC on DGI.

According to the triangle inequality one has

— ||7:f||[07t] + ||y||[o,t] + ||U||[o,t]

Vi(t) < — = (16)
g @+ 7l . + Poe.s
using (14) one has
. 71l 0, + mollrllg 4 + 70
V() < 04 [0.1] (17)

o+ ||7:f||[o,t] + f}v&f

Since the final controller remains in the loop sufficiently
enough, one can assume that 7y — 1 and Vycj f — Vpej =
0,Vj € N;. Then, the rightmost term of above inequality can
be rewritten as

I7llj0,1 + mollrll0.4 + 70

(18)
o+ |7l 4
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which is bounded and in turn makes V(t) bounded.

Similarly, assume that » = 0, and v,.; is only nonzero
for one of the neighbors one at a time. Then, using triangle
inequality and (14) one has

my vacl || [0,¢] + ny

r(t 19)

o+ ||ﬁvcl,f||[o,t]
where [ denotes the index of v, that is nonzero. Since the
final controller remains in the loop sufficiently enough, one
can assume that Uycj, ¢ — Uyej = 0 for j # 1, 7y — r =0 and
Uyel,f — Uyel- Then the rightmost term of above equation is
bounded and Vf(t) is bounded. After repeating the above step
in (19) for all of the neighbors of it" DG, one can conclude
that V() is bounded if (p/cy) is stable.
Second, assume that the V(t) is bounded. Then,

Vi(t) < K. (20)
For vy.; =0,
_ r—y + ||u
Vf(t) _ || ||[0,t] H ||[0,t] <K Q1)
a+Irllo.4
According to triangle inequality,
||y||[0,t] + H“H[o,t] < Ka+ K”TH[O,t] (22)

which shows that (p/cy) is stable according to the stability
definition (14).

Similarly, assume that r = 0, and v,.; is only nonzero
for one of the neighbors one at a time. Then, using triangle
inequality

_ _ ||y||[o,t] + ||UH[0,t]

Ve(t (23)
f( ) o+ ||'chl||[07t]

||yH[o,t] + ||UH[0,t] < Ka+ KHchlH[o,t] 24)

where [ denotes the index of v, that is nonzero. The above
equation shows that (p/cy) is stable according to the stability
definition in (14). After repeating the above step one can
conclude that (p/cy) is stable if V(¢) is bounded.

Therefore the proposed cost function is cost detectable.
Since the pair of the controller bank and the cost function is
cost-detectable, and the problem is feasible, so the proposed
UAC system for microgrids distributed secondary voltage in
Fig. 4a is stable.
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