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Abstract—Voltage regulation, frequency restoration, and reac-
tive/active power sharing are the crucial tasks of the microgrid’s
secondary control, especially in the islanding operating mode.
Because sensors and communication links in a microgrid are
subject to noise, it is of paramount value to design a noise-
resilient secondary voltage and frequency control. This paper
proposes a minimum variance control approach for the secondary
control of AC microgrids that can effectively perform noise
attenuation, voltage/frequency restoration, and reactive/active
power sharing. To this end, the nonlinear generalized minimum
variance (NGMYV) control approach is introduced to the islanded
microgrid’s secondary control system. The effectiveness of the
proposed control approach is verified by simulating two micro-
grid test systems in MATLAB.

Index Terms—Microgrid, Secondary Control, Nonlinear Gen-
eralized Minimum Variance, Volterra Model .

I. INTRODUCTION

microgrid is a small-scale electric power system that

effectively integrates distributed generators (DGs) in
general and renewable energy sources (RES), e.g., photo-
voltaic systems, in particular. A reliable, resilient, and efficient
microgrid requires an accurately designed control system to
accommodate voltage regulation and frequency restoration.
Especially after islanding, voltage and frequency controls of
a microgrid are more challenging because the microgrid loses
its support from the upstream grid. To achieve these control
objectives and provide a smooth transition from the grid-
connected mode to the islanding mode, microgrids utilize a
hierarchical control structure, which involves three levels of
control, namely, primary, secondary, and tertiary control levels
[1]-[4].

After entering the islanded mode, intentionally or uninten-
tionally, the microgrid’s primary control provides the required
voltage and frequency stability through the droop control
method. However, primary control may result in a slight devia-
tion in the microgrid’s voltage and frequency from their nom-
inal values. Secondary control is applied to compensate for
those deviations and restore the voltage and frequency of the
microgrid to their nominal values [5], [6]. Conventionally, a
central controller is used to implement the secondary controller
which raises reliability concerns. Recently, distributed control
has been introduced to reduce the communication bandwidth
and increase the reliability and flexibility of a microgrid
[7]-[10]. In a distributed multiagent control framework, each
DG is considered as one agent which can communicate with
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other agents via a communication network. Each agent has
only access to its own information and the information of its
neighbors [11]-[15].

In practice, measurement noise (e.g., sensors), environ-
mental noise (e.g., rain), and communication noise, (e.g.,
antenna) are inherent parts of industrial environments [16]-
[18]. Especially, in the microgrid distributed control system,
the communication noise can act as an additive noise that is
either generated at the receiver front end or is the surrounding
noise captured by the antennas in the wireless communication.
The communication noise can be also categorized as a thermal
noise created by the electronic devices and amplifiers at the
receivers. The communication noise is commonly modeled by
a white noise using a Gaussian distribution model of zero mean
and a specific variance value [19]. A Gaussian communication
noise with a small variance can impact electronic loads and
reduce the longevity of the equipment in long term. On
the other hand, a Gaussian noise with a large variance can
result in circulating currents in the microgrid and endanger
its stability according to [19], [20]. Communication noise can
create noise on the control signals like voltage and frequency
droop reference values which in turn can have negative impacts
on the performance of the secondary control system. Noise
on voltage droop reference signal can affect the parameter
tuning of proportional-integral (PI) controllers in the internal
voltage and current control loops of inverters. Moreover, this
noise may have an impact on the switching signals created
by the inverter’s Pulse Width Modulation (PWM) modules.
Noise on the frequency droop reference signal will create
an oscillating operating switching frequency for the inverter
bridge. Therefore, a noise resilient control approach is required
to mitigate the impact of noise in the microgrid control system
[21]-[26].

Most of the existing secondary control techniques assume
a noise-free environment [7], [10], [11], [13]. In [19],
partial feedback linearization and mean square protocol is
used to tackle noises in a microgrid. However, reactive power
sharing is not accommodated in this work. Reference [21]
utilizes a signal estimation technique to estimate reference
voltage/frequency set points in a noisy environment. Kalman
filter theory is used in [20] to introduce a robust stochas-
tic control for an islanded microgrid. Reference [22] uses
iterative learning to deal with an uncertain communication
link. A distributed estimation approach is used to attenuate
the communication noise. In [23], the effect of Gaussian
noise is compensated using a corrective control input which
is updated at each sample time. Reference [24] introduces
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an adaptive controller based on minimum variance identifi-
cation. The parameters of the introduced controller can be
updated online in different conditions. In [25], a distributed
noise resilient economic dispatch approach is introduced to
handle the communication link. This method is considered a
branch of stochastic approximation. Reference [26] introduces
a multiagent-based leader-follower distributed controller to
synchronize the frequency in the presence of noise disturbance.

This paper presents a minimum variance-based approach
to mitigate the impact of noise on the distributed secondary
voltage/frequency control and reactive/active power sharing of
an islanded AC microgrid [27], [28]. To this end, nonlinear
generalized minimum variance (NGMV) control is used to
accommodate both synchronization and noise attenuation. The
control scheme is derived based on an identified autoregressive
second-order Volterra model for the nonlinear model of a
microgrid. The Volterra model is linear in parameters that
can be estimated from the routine input-output data using
conventional least-squares methods. The Volterra model can be
specifically helpful in real-world applications where the exact
model of the system is not readily available. Volterra series
is recognized as a powerful tool in studying general nonlinear
systems and can capture significant nonlinear dynamics of the
system [29]-[33]. The proposed optimal controller represents
the best achievable control performance for a class of nonlinear
microgrid systems in the sense of variance. Furthermore, the
proposed method is a simple predictive controller with the
prediction horizon of time delay. From a practical point of
view, this study not only provides a closed-form solution for
the secondary control system but also improves its compu-
tational efficiency [31], [32], [34]-[39]. The effectiveness of
the proposed control approach is verified by simulating two
microgrid test systems in MATLAB.

The contributions of this paper are as follows:

o Multiagent NGMYV is utilized for an islanded microgrid
as a robust solution against communication noises.

o Unlike most of the work in the literature, the proposed
NGMV-based controller is applied discretely. This is
particularly important when the proposed controller is
implemented on a real system.

o The proposed control scheme is based on a second order
Volterra model created for the nonlinear model of a
microgrid. The Volterra model is a powerful tool in
capturing significant nonlinear dynamics of the system.
The Volterra model is created based on the input-output
data of system and does not require the exact model of
system to be readily available.

o Not only mitigating the noise on the DGs’ voltage mag-
nitudes and frequencies, the proposed algorithm can also
mitigate the noise on the control signals of the DGs.

The rest of the paper is organized as follows: Section
IT elaborates on the islanded AC microgrids’ primary and
secondary control. Section III discusses the NGMV control
fundamentals. Multiagent NGMV is proposed for an islanded
microgrid in Section IV. Simulation results are provided in
Section V. Finally, this paper is concluded in Section VI.

II. MICROGRID’S PRELIMINARIES

This section elaborates on the microgrid’s dynamical model
and its secondary voltage and frequency control level.

A. AC Microgrid Model

The AC microgrid includes inverter-based DGs, AC loads,
and the lines interconnecting them. The microgrid is also
equipped with a communication network for the implementa-
tion of the microgrid’s distributed control. The communication
network should be connected meaning that it includes at least
one directed spanning tree. The block diagram of an inverter-
based DG is shown in Fig. 1. As seen, the DG includes a
three-phase inverter bridge and a power source on the DC
side. The DG’s internal control system includes the power,
current, and voltage control loops. The nonlinear dynamical
model of an inverter-based DG in d-q reference frame can be
represented as [7]

{ L x; = fi(i) + ki(2:)Di + gi(@i)us )
Yi = h; (xz)
where
zi=[ 0 P Qi bai bg Yai Vai Gdi
. . . T
Ugi Vodi Voqi  todi logi :I
U; = [ Vnz Wni ]T
T
Yi = [ Wi Voi }
(2)

where §; denotes the angle between i*"* DG reference frame
and the common reference frame; P; and (Q; describe the
active and reactive power of DG, respectively. ¢qq; and g4
are the direct and quadrature components of auxiliary state
variables defined in the internal voltage and current control
loops. Vodgis tidgi> and io4q; are the direct and quadrature terms
of output voltage, filter current, and output current of DG,
respectively. f;, ki, g;, and h; and vector D; are all defined
in [8]. vy; and w; are the DG’s terminal voltage magnitude
and operating frequency; V,,; and w,; are the voltage and
frequency droop reference values in the primary control level
which are discussed in the following.

The microgrid control system consists of primary, sec-
ondary, and tertiary control levels. Primary control is to ensure
the stability of the microgrid’s voltage and frequency after the
microgrid is disconnected from the upstream grid and goes
to the islanding mode. The primary control is conventionally
implemented using the voltage and frequency droop charac-

teristics

{ Voi = Vnz - nQiQi (3)

Wi = W — Mpi P;

where V,,; and w,; denote the voltage and frequency droop
reference values; ng; and my; are the voltage and frequency
droop coefficients. It should be noted that ng; and m,,; are
calculated based on the maximum available reactive and active
powers of DGs and they should meet

nQ; Qimﬂax

_ Mpj _ Pi,max (4)
nQi Qj,max

)

Mpi Pj,max
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Fig. 1.

Voltage-controlled voltage source inverter block diagram.

with Q; max and P n.x as the maximum available reactive
and active power at i*"* DG.

Although the primary control is a vital entity in the micro-
grid to guarantee voltage and frequency stability, it creates
slight voltage and frequency deviations from the nominal
voltage and frequency values. These deviations are addressed
by the secondary control level which not only synchronizes all
DGs’ voltage magnitudes and frequencies to the nominal val-
ues but also shares the microgrid’s reactive and active power
among DGs based on their (); max and P; ax as described in
(4). These two goals are addressed by the secondary control
level through adjusting V,,; and w,; in (3).

One approach for implementing secondary control is
through the distributed control of multiagent systems. Consid-
ering each DG as an agent and by differentiating the voltage
and frequency droop characteristics, the following dynamical
equations can be derived for the secondary control level at
each DG

Vii = oi + anQz = 001Vyi + B1iVvi )
Wi = @i + Mpi Py = a2ili + Baiti (6)

where (a1;p, @2;p) and (B1;p, B2;p) are the proportional and
integral coefficients of two discrete-time PI controllers for
voltage and frequency control of i*" DG, respectively. v,;
and w,,; are called the auxiliary control inputs. V,,; and wy;
in discrete form can be written as

Vi i1 Wi i1
ni__ aLip + ﬁlzD _sl ’ nio_ Qoip + B22D _sl (7)
Vi 1—=2 Wi 1—=z2
where z~! is the backward operation. The control signal is

applied at every T second.

All DGs can exchange data through a distributed commu-
nication network. Therefore, to achieve the above objectives
in a distributed fashion, v,; and w,; are computed as follows,

Vys = ZjEN;, Q4 (Uoi - Uoj) + gi(voi - 'Uref) (8)
+2jen, (NQiQi —ng;Q;)
Wi = ZjEN aij(wi — wj) + gi(Wi — Wnom) )
+ Zjem (mpi P — myp; Pj)

where g; is the pinning gain that is only nonzero for the master
DG that has access to the voltage and frequency reference
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Fig. 2. Multiagent NGMV control structure.

signals (i.e., Vres and Wpom). Wnom i €qual to 27 from With
from denoting the nominal frequency of microgrid.

ITII. PROPOSED MULTIAGENT NGMV CONTROL
A. Control Architecture and Volterra Model of DGs

The overall architecture of the proposed multiagent NGMV
control for the distributed secondary voltage control is il-
lustrated in Fig. 2. As seen, all the conventional controllers
described in (7) are replaced with an NGMV controller. It
should be noted that a similar architecture is also adopted
for the distributed secondary frequency control. In Fig. 2,
e(k) is the unmeasured stochastic disturbance which can
be considered as zero mean white noise; v,; is the local
neighborhood tracking error; GG is the noise dynamic; 6, o,
and 7 are dynamic weighting functions, that act as design
parameters in the multiagent NGMV controller.

Due to the complexity and nonlinearity of microgrids, using
a model that can thoroughly describe the microgrid’s dynamic
behavior is of particular importance. In this paper, the mi-
crogrid is modeled by an autoregressive second-order Volterra
model. A Volterra model has the following benefits: (i) The
Volterra model is widely used for nonlinear systems without
deep knowledge of system dynamics; (ii) despite the nonlinear
characteristic of the Volterra model, it takes advantage of being
linear in parameters; (iii) it can be identified by conventional
least-squares methods [31].

Considering the additive disturbance (noise) ¢(k), one has
the following Volterra input-output representation for voltage
control on it" DG,

T(qil)voz(k) =ho+q~ (Hl (q )Vnz(k)

Hy (g g3 WVai2(R) + Cla ey, 1O

Authorized licensed use limited to: UNIVERSITY OF NEW MEXICO. Downloaded on June 04,2023 at 15:37:05 UTC from IEEE Xplore. Restrictions apply.

© 2023 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.



This article has been accepted for publication in IEEE Transactions on Power Systems. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/TPWRS.2023.3239793

where ¢! is the backward shift operator and d is the system

time delay. The terms hg, H1, and H, correspond to the offset
model, and linear and nonlinear term parameters, respectively.
The terms T'(¢~'), H1(q™ '), Ha(g™ '), and C(g~ ) are poly-
nomials of order ny, ng,, nm,, and ne, respectively. These
terms are defined as

nrtT X
T(qil) = Z:Oaiqiz7 ag = ]-7

’n,H1 )
Hi(qg7') = big,
=0

1 1 TWHy THy S an
Hy(qy a5 ) = ‘Zo > bija ey
1=0 j=1
nc .
ClgY)=>ciqg % co=1.
i=0
_ 1 1A g 1
¢ 'Hy(qi xS ar e ' Ha(ar gy t) (12)
The disturbance model is,
- Clgh)
d(k) = De(k) = ——=e(k 13
( ) Gd(q )5( ) T(q_l)e( ) ( )

It should be noted that a similar representation to (10) can

be formulated for the frequency control of a DG where instead
of v,; and V,,;, w; and w,,; are used, respectively.
Remark: There is a trade off between the order of model and
the computational efficiency of proposed algorithm. for control
purposes and practical applications, the common practice is to
use less complex but still accurate models to accommodate
a reasonable computational burden on the control system.
Hence, an appropriate order model with a reasonable compu-
tational effort should be selected to calculate the control action
within the sampling period. In the identification stage, the
estimation problem is a standard regression problem due to the
linear in parameters characteristic of Volterra models. Thus,
a popular and optimal solution to this problem is the least
squares method. Also, we can exploit conventional criteria in
the identification context to obtain the orders of polynomials
which minimize the estimation error caused by observation
errors, unmodeled dynamics, neglected nonlinearities, and un-
measured external disturbances. In this paper, the Normalized
Root-Mean-Square Error (NRMSE) criterion is used to find
the best-fit model.

B. NGMV Algorithm

The proposed NGMV algorithm aims to reduce the vari-
ance of the noise on the DGs’ output voltage and operating
frequency while synchronizing them to the desired reference
voltage and frequency. Herein, the noise is assumed to be a
communication noise that affects the voltage and frequency
values communicated among DGs. At the same time, this
algorithm attenuates the noise on control signals V,,; and w,;
in (3) with acceptable variance. In the following the problem
is formulated for the secondary voltage control. The same
process can be adopted for the secondary frequency control.
To this end, the optimal multiagent NGMV control problem
can be presented as the minimization of a fictitious signal ¢ (k)
which is called the generalized output and is expressed as

¢(k + d) = a(qil)voi(k + d) + U(qil)vni(k)

(g~ Yur (k) 1

where v, (k) = vy; (k) — vo; (k). Generalized output ¢(k + d)
includes both the system output and the control signal V,;.
The terms 6 = 6,,/04, 0 = 0, /04, and T = 7, /74 are design
parameters in the multiagent NGMV controller.

Consider the following Diophantine equation

On(g"1)C(q™ ") F(q™")
0a(q=")T(q7") 0a(q=")T(q7")
where L and F' are polynomials and have the following forms,

=L(g")+q* (15)

LigY)=1+0hqg " +log 4+ 1g_1g7 @D
F(qil) = fo+ f1q71 + f2q71 4+t fnqunf7
ng = max{nc + ng,,,nT + Ng, — 1}

(16)
By replacing (10) in (14) and employing the Diophantine
equation in (15) one has
Sk +d) = Fho + “F Vi (k) + 52V (k) + gipe(k)
+ oVypi(k) — tu.(k) + Le(k + d)

(17)
Considering the model in (10), the noise observer is obtained
as
re(k) = évﬁi(k) " arho — 1 85V (k)
_q_dﬁvni (k)

Therefore, using observer, (17) can be reformulated as

¢(k +d) = Lho + ELv,, (k) + £22V,,% (k) +
G voi (k) + aVii(k) — Top(k) + Le(k + d) 0
(19)
We define the multiagent NGMV cost function Jygpsp in a
minimum variance sense such that

Inemyv = E{¢” (k+d) |k}

where F {- |k} denotes the conditional expectation based on
measurements up to time k. To find the optimal control
solution with respect to minimum variance requirement, cost
function (20) needs to break down into two feedback invariant
Jmin and controller dependent J parts as

(18)

(20)

Inamv = Jo + Jmin. 2D

Consequently, the minimum variance controller tries to make

the Jy term zero. Because the noise sequence information is
not available in the future, Jy,;, is independent of any control
action. Because of the white noise assumption, future noise
values are uncorrelated with their past ones. Hence, the cost
function (21) in a separated form can be achieved as

Inemv = E{¢* (k+d) |k} = Jo+ Jmin  (22)
with
Jo = E{[&ho + £ Voi(k) + 222V, (k) +
v (k) + Vi) = Ton ()]} (23)

Juin = B { [Le(k + ) |

The optimal NGMV control law is found by solving the
second-degree equation as

lem-Z(k) + kQVm(ki) +k3=0
kl = 9dLH2, kg = 9,1 [LHl + CO’}
ks = L(1)8a(1)ho + Fuos(k) — COyron (k)

(24)
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Fig. 3. Microgrid test system I: (a) microgrid single-line diagram; (b)
communication graph.

It should be noted that equation (24) might have two solutions

in which choosing each of them would depend on control
limitations and system. In typical applications, a solution with
the smallest absolute value is preferred.

IV. SIMULATION RESULTS
A. Noise Model

The goal of this paper is to tackle the negative impacts
of communication noise on the distributed control of AC
microgrids. According to [19]-[26]. The communication noise
can act as an additive noise that is either generated at the
receivers front end or is the surrounding noise absorbed
by the antennas in wireless communication. Moreover, the
communication noise can be categorized as thermal noise
created by the electronic devices and amplifiers at the re-
ceivers. The communication noise is commonly modeled by
a white noise using a Gaussian distribution model of zero
mean and a specific variance value [19]. In this paper, we have
selected different variance values to highlight the performance
of NGMYV algorithms under different Gaussian noise models.
The communication noise that is added to the communicated
voltage and frequency values as seen in Fig. 2.

B. Case A - Microgrid test system [

The communication graph and the single-line diagram of
this microgrid test system are shown in Fig. 3. The parameters
of this microgrid are provided in TABLE I. It is assumed
that the microgrid goes to islanding mode at ¢t = 1 s. DG1
has access to the voltage reference signals (v,..r) and the
frequency reference signal (wy,om ), respectively. For the micro-
grid test system I, four proper Volterra models for frequency
control and four proper Volterra models for voltage control are
identified. The simulations are performed in MATLAB. The
control loop is updated at every 1 msec. The parameters of
the identified Volterra model for DG1’s voltage are provided
in TABLE II.

It is assumed that at ¢ = 1 s, additive white noises
are simulated on the communication links among the DGs
affecting the voltage and frequency measurements received
at the neighboring DGs. These communication noises are
modelled as a Gaussian noise and affect both the transmitted
voltage and frequency values at the same time. To verify
the effectiveness of our proposed approach under different

TABLE I
THE PARAMETERS OF MICROGRID TEST SYSTEM 1.

Parameter Value
Unom7fnom 380V, 50 Hz
[mp1, mp2, Mp3, Mpa] 9.4e—5

[nQ1,nQ2,nQ3, NQ4]

[1.3,1.3,1.5, 1.5]e — 3
[Rioad1s Rioad2] 1Q

[Xioad1s Xioadz] 1Q

[rlinelv Tline2) rline3] 5e —20Q
[xlinelvxlin527xlin63} 0.5

Kpv, Kpe, Kiv, Kicl [0.05,10.5, 390, 16e3]
[Lf7 Cf, L] [.35 mH, 50 pF, 0.35 mH]

TABLE II
THE VOLTAGE VOLTERRA MODEL FOR MICROGRID TEST SYSTEM I

=0 =1 T =2
T; 1 -1.894 0.89
Hy; -2.04e-04 1.89e-04 -
Hj y; -2.74e-07 4.43e-07 -
H272i - -1.73e-07 -
ho 1.67 - -

variance values of modelled noise, two different cases studies
are simulated. In Case A.l, white noises with variance of 4
are added to the communicated DG voltage measurements
while white noises with variance of 0.1 are added to the
communicated DG frequencies. In Case A.2, white noises with
the variance of 4 are added to both the communicated voltage
and frequency values among DGs. The voltage and frequency
regulation and active and reactive power sharing are being
done simultaneously. In order to verify the performance of the
proposed NGMYV control, the impact of noise is investigated
first on the conventional distributed secondary control. To
this end, integral controller ¢ = 01‘92;:11 is adopted for both
the secondary frequency and voltage control on all DGs
(see (7)). Then, the impact of noise on NGMYV controller is
studied. The designing parameters of the multiagent NGMV
controllers are, § = 0.02, ¢ = (0.6 — 0.627!), and 7 =
(0.02 x 0.98)/(1 — 0.982~1). The simulation results for Case
A.l when multiagent NGMV and conventional distributed
secondary controls are utilized are provided in Figs. 4, 5,
9, 9, 6 and 8. It should be also noted that the conventional
distributed secondary control creates a noticeable amount of
noise on the voltage and frequency droop reference signals.
However, the multiagent NGMYV controller tunes the output by
also accounting for the control signal. With a well-designed
multiagent NGMV controller, noise can be attenuated in the
control signals (i.e., V,, and w,) as seen in Figs. 6 and 8.
The simulation results for Case A.2 when multiagent NGMV
and conventional distributed secondary controls are utilized
are provided in Figs. 10 and 11. As seen, the conventional
secondary control renders higher noise values on the DGs’
terminal voltage magnitudes and frequencies and the proposed
NGMV algorithm can effectively mitigate the impact of noise
under different varaince values.

In order to show the robustness of the proposed method, the
resistances of both loads are changed from 1 Q2 to3 Qatt =5
s in Case A.3. The simulation results when multiagent NGMV
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Fig. 4. Case A.l - Voltage magnitudes of DGs: (a) conventional distributed
secondary control; (b) NGMV-based distributed secondary control.
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Fig. 5. Case A.1 - Frequencies of DGs: (a) conventional distributed secondary
control; (b) NGMV-based distributed secondary control.

and conventional distributed secondary controls are utilized
are provided in Figs. 12 and 13. As seen, the multiagent
NGMYV is robust with respect to the load changes and can
effectively mitigate the impact of noise of both DGs’ voltage
and frequency.

Microgrid test system I is also simulated for 50 different
random noise sequences. The box plots of the noise vari-
ances for DGs’ voltage magnitudes and frequencies using
the proposed multiagent NGMV-based and the conventional
secondary controllers are presented in Fig. 14. The central red
mark in the box plots is the median. As seen, the voltage mag-
nitude and frequency variances of all the DGs are improved
in the proposed NGMV-based distributed secondary control
compared to the conventional controller in all 50 simulations
using 50 different random noise sequences.
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Fig. 6. Case A.l - Voltage control signal (V},) of DGs: (a) conventional
distributed secondary control; (b) NGMV-based distributed secondary control.
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Fig. 7. Case A.1 - Active power ratios of DGs: (a) conventional distributed
secondary control; (b) NGMV-based distributed secondary control.

C. Case B - Microgrid test system Il

The second microgrid test system with 20 DGs is shown
in Fig. 15. The communication graph for this microgrid is
illustrated in Fig. 16. The parameters of this microgrid are
provided in TABLE IIl. At ¢ = 0.6 s, the microgrid goes
into islanding mode. It is assumed that at ¢ = 0.6 s, additive
white noises are simulated on the communication links among
the DGs affecting the voltage and frequency measurements
received at the neighboring DGs. These communication noises
are modelled as a Gaussian noise and affect both the transmit-
ted voltage and frequency values at the same time. DG1 has
access to the voltage reference signals (v, ) and the frequency
reference signal (wnom). The voltage and frequency control
and reactive and active power sharing are being performed
simultaneously. The control loop is updated at every 0.1 sec-
ond. Forty proper Volterra models for frequency and voltage

Authorized licensed use limited to: UNIVERSITY OF NEW MEXICO. Downloaded on June 04,2023 at 15:37:05 UTC from IEEE Xplore. Restrictions apply.

© 2023 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.



This article has been accepted for publication in IEEE Transactions on Power Systems. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/TPWRS.2023.3239793

Conventional Controller
T T T

«
©

=
3
T

«
=
T

=
B
T

Control Signal Frequency (w;,)

Time (Second)

(a)
NG‘MV

Q
3

b
N
T

4
o
T

DGy

Frequency Control Signal (w,)
4 4
= >

T

4 5 6 7 8 9 10
Time (Second)

(b)

Fig. 8. Case A.l - Frequency control signal (wy) of DGs in Microgrid test
system I with voltage and frequency noise variance 4 and 0.1, respectively:
(a) conventional distributed secondary control; (b) NGMV-based distributed
secondary control.

o
N
w

Conventional Controller
T T T

[——na x Q@ —— 1, xQ, R —
0 | I I I I I I I I
0 1 2 3 4 5 6 7 8 9 10
Time (Second)
(@)
NGMV
60 -
> 40 /_//f
X
=
=
20 1
— 1y X Q) m— gy X Q2 NGy X Qy mm— ngy X Ql‘
o . I i I
0 1 2 3 4 5 6 7 8 9 10
Time (Second)
(®)

Fig. 9. Case A.1 - Reactive power ratios of DGs in Microgrid test system I
with voltage and frequency noise variance 4 and 0.1, respectively: (a) conven-
tional distributed secondary control; (b) NGMV-based distributed secondary
control.

controls are identified for this microgrid. The parameters of
the voltage Volterra model for DG1 are presented in TABLE
Iv.

To verify the performance of the proposed NGMV-based
distributed secondary control, the results of this method are
compared with the conventional distributed secondary control.
The design parameters for the multiagent NGMV are 6 = 1,
o = (5—>52z"1)/1, and 7 = 1. The designed conventional
controllers are ¢y = %, Cp = }}i:, where ¢ and
¢, are the conventional controllers for frequency and voltage
of the microgrid, respectively. We have utilized two different
variance values for the Gaussian noise model, where in case
B.1I variance of 0.09 is utilized for both voltage and frequency
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Fig. 10. Case A.2 - Voltage magnitudes of DGs: (a) conventional distributed
secondary control; (b) NGMV-based distributed secondary control.
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Fig. 11. Case A.2 - Frequencies of DGs: (a) conventional distributed

secondary control; (b) NGMV-based distributed secondary control.

and in Case B.2, variance of 4 is utilized for both voltage and
frequency. For case B.1, Figs. 17, 18, 19, 20, 21, and 22 show
the results of the proposed multiagent NGMV-based compared
to the conventional distributed secondary controllers. As seen,
the NGMV-based distributed secondary controller noise atten-
uation is much better than the conventional controller. For the
control signals (i.e., V,, and w,,), Figs. 21 and 22 show that the
variance of the control signals in the conventional controller
is much higher than the variance of the control signal in the
proposed multiagent NGMV. For case B.2, Figs. 23 and 24
show that NGMV-based control can effectively work with a
higher noise variance value.

The microgrid test system II is simulated for 50 different
random noise sequences. The box plots of the noise variances
for DGs’ voltage magnitudes and frequencies are reported in
Fig. 25-32. As seen, the multiagent NGMV-based distributed
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Fig. 12. Case A.3 - Voltage magnitudes of DGs in Microgrid test system
I with voltage and frequency noise variance 4 and the loads’ resistance are
changed from 1 € to 3 : (a) conventional distributed secondary control; (b)
NGMV-based distributed secondary control.
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Fig. 13. Case A.3 - Frequencies of DGs in Microgrid test system I with
voltage and frequency noise variance 4 and the loads’ resistance are changed
from 1 Q to 3 : (a) conventional distributed secondary control; (b) NGMV-
based distributed secondary control.

secondary control renders a better performance in attenuating
the added noise in the voltage magnitudes and frequencies.

V. CONCLUSION

This paper proposes a minimum variance control approach
for the voltage and frequency secondary control of inverter-
based AC microgrids in the presence of noise. To this end, a
multiagent NGMV control is introduced for the microgrid’s
distributed control system. Multiagent NGMV aims to mini-
mize a cost function including the output, control signal, and
reference signal. This method results in a comparably smooth
signal in the microgrid which can increase the reliability and
decrease the maintenance cost of a microgrid. Two microgrid
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Fig. 14. Comparison of the variance of noise on DGs’ voltage magnitudes
and frequencies in Microgrid test system I for 50 different noise sequences.

test systems are simulated in MATLAB to verify the effective-
ness of the proposed method. 50 different noise sequences are
generated in both test systems. The mean of the variance of
all signals for the conventional and the proposed multiagent
NGMV are reported and compared in this paper.

APPENDIX A
PRELIMINARIES OF GRAPH THEORY

The communication system used in the proposed distributed
secondary control can be modelled using a graph. A graph is
specified through a set of nodes and edges, i.e., ¢ = (v,¢&, A),
where v denotes a finite set of Nv nodes that are connected to
each other through edges € C v x v. The connection of nodes
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Fig. 15. Microgrid test system II: Communication graph
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TABLE III
THE PARAMETERS OF THE MICROGRID TEST SYSTEM II.
Parameter Value
Vnom»frnom 380 V, 50 Hz
[mp1, ..., mp20) 9.4e — 5
[Rloarila cey Rloadl} 1Q
[Xloudlvn'leoadl} 1Q
[an,TLQg,...,TLng] 1.3e — 3
[nQ2,nQ4; .-, nQ20] 1.5e — 3
[Plinels -+ Tline20] 0.19
[Zlinels -+ Tline20] 0.5
[Kpv, Kpe, Kiv, Kic) [0.05,10.5, 390, 16e3]
[L¢,Cr, L] [1.35 mH, 50 pF, 0.35 mH]
TABLE IV
VOLTAGE VOLTERRA MODEL PARAMETERS FOR DG1 OF MICROGRID TEST
SYSTEM II.
1 =0 =1 =2 1 =3 1 =4
T; 1 -2.37 2.05 -0.66 0.05
Hy; 1.02 -2.48 2.04 -0.55 -
Hs1; -2.86e-04 0.02 0 -0.02 -
Ho9; - -0.02 0 0.03 -
Hy 3, - - 0.01 0.01 -
Ho 4o - - - 7.11e-05 -
ho 15.14 - - - -

has an acceptable performance, and plant uncertainty does not
considerably affect the efficiency.
On the stability: The introduced autoregressive Volterra

DG20 [«— DG19 [«— DG18 [«— DG17 [«— DG16

(a)

Fig. 16. Microgrid test system II: A microgrid with 20 DGs.

can be described using adjacency matrix A with A = [a;;] €
RNvXNv g, shows the weight of the edge (v;,v;). If node
i is the receiver of data from node j, then node j is called a
neighbor of the node ¢ and (v;,v;) € €. N; = {j|(vj,v;) € e}
is a set that defines the neighbors of node i [7].

APPENDIX B
ROBUSTNESS AND STABILITY ANALYSIS

On the robustness: In our design, the effect of unavoidable
plant/model mismatch, disturbances of known and unknown
sources is considered as an additive disturbance model that
affects the system. The proposed control scheme try to deal
with plant/model mismatch, and eliminates all deviation from
target by minimizing the expected squared deviation of system
output from its desired target value. Another tool we can em-
ploy in this proposed control scheme, is utilizing the dynamic
weighting functions to attenuate the plant/model mismatch.
For instance, considering an integrating term in the designing
parameters leads to an offset-free scheme as we did in the
whole manuscript’s simulation parts. Therefore, there is some
robustness to the proposed structure. To address the reviewer’s
comment, the authors provide a simulation study to verify
the assertion. According to the results, the proposed control

model for the AC Microgrid system is BIBO (bounded-input,
bounded-output) stable if the pole locations of the linear
autoregressive part of this model (T'(g~!)) lie inside the
unit circle as is shown in [30] and stated as: “The stability
of an AR-Volterra model is seen to depend only on the
pole locations of linear autoregressive part of this model,
and may be determined from the coefficient 7; by standard
results for linear discrete-time models”. The system inputs
are the voltage and frequency droop reference values and
are physically bounded. Hence, closed-loop BIBO stability is
guaranteed from the set-point to the output provided the roots
of the linear characteristic equation are within the unit circle.
The first Volterra model (Table II):

T(g7')=1-1.8%4¢ 1 +0.899¢7% —
21 =0.9484 — |z < 1

roots:
z0 = 0.9484 — |z| < 1

(25)

The second Volterra model (Table IV):

T(gY =1-237¢"1 +2.05¢72 - 0.66¢ %+ 0.05¢"* —
21 = 0.9550 — |z1] < 1
29 = 0.9550 — |z2| < 1
z3 = 0.5111 — |z3] < 1
2 =0.1073 = |z4| < 1

roots: (26)

Further, we analyze the optimization problem and the opti-
mal solution.

Authorized licensed use limited to: UNIVERSITY OF NEW MEXICO. Downloaded on June 04,2023 at 15:37:05 UTC from IEEE Xplore. Restrictions apply.

© 2023 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.



This article has been accepted for publication in IEEE Transactions on Power Systems. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/TPWRS.2023.3239793

Conventional Controller
450 T T T

Voltage Magnitude (V)

I I
0 2 4 6 8 10 12 14 16 18 20
Time (Second)

NGMV
450 T T T G‘

IS
o
S

Voltage Magnitude (V)
w
a
o

w
S
S

8 10 12 14 16 18 20
Time (Second)

o
N}
IS
=)

Fig. 17. Case B.1 - Voltage magnitudes of DGs: (a) conventional distributed
secondary control; (b) NGMV-based distributed secondary control.
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Fig. 18. Case B.1 - Frequency of DGs: (a) conventional distributed secondary
control; (b) NGMV-based distributed secondary control.

Definition 1 [40], [41] A function f : R™ — R is convex
if and only if, it satisfies

af(@®) + (1 —a)f(z") > flaz® + (1 —a)2®)  (27)

for all o € [0,1] and all points 2%,z € R™.
So, we have
f =0 = (0voi + 0Vpi — 7v;)?
= 0’2Vn2i +20(0vy; — T, ) Vii + (Bvg; — TUT)Q (28)

For simplicity, consider (6v,; — TU,«)2 = T and rewrite the
cost function
f=02V2 +20(0vy — T0,)Vii + T (29)

Thus, Jygasy is a standard quadratic form of f(xz) : 27 Ax+
BTz + C. Then, we need to check the convexity condition
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Fig. 19. Case B.1 - Reactive power ratio of DGs: (a) conventional distributed
secondary control; (b) NGMV-based distributed secondary control.
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Fig. 20. Case B.1 - Active power ratio of DGs: (a) conventional distributed
secondary control; (b) NGMV-based distributed secondary control

provided in Definition 1.
o (UQV;; + 20(0ve; — TV )VE + T)
+(1-a) (U2V7fi2 + 20 (0vy; — TvT)V,Z» + T) >
o> (aVe + (1 - )V’

+ 20 (0vp; — TUy) (on#Z- +(1- oz)V,fZ-) +7T
(30)

After some mathematical manipulations and factorizing, we
have

a(l— (Jz)a2V,‘fi2 +a(l- a)aQVri’: —2a(1 —a)o®Vavl >0

(31)
= a(l - a)o? (V:f TV 2V,;§V$i) >0 (32)
= a(l—a)o(Ve - V) >0 (33)

As a(1 — a) > 0 (Assumption!), the cost function Jygaryv
is convex. Therefore, if the second-order equation has a
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Fig. 21. Case B.1 - Voltage control signal (V3,) of DGs: (a) conventional
distributed secondary control; (b) NGMV-based distributed secondary control.
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Fig. 22. Case B.1.- Frequency control signal (wn) of DGs: (a) conventional
distributed secondary control; (b) NGMV-based distributed secondary control.

solution, the closed-loop system after substituting the control
signal in Equation (17) of manuscript will be reduced to
polynomial term Fe(k + d), which is bounded. In this case
A >0 = k% — 4kq1ks > 0), the bounded control signal
provides bounded output. To satisfy bounded control signal
condition, it is plentiful to ensure stability of the control law,
which is achievable by restricting its poles to be inside the
unit circle. According to Equation (24) of manuscript, the
dominator of the control law is 8,F Hs. Therefore, selecting
proper stable weightings transfer functions € such that all
eigenvalues of 8, F H- be inside the unit circle ensures stability
of the control law as well as the closed-loop system. For the
A < 0 case, we consider a real value for the control signal
in the control scheme, which means the control signal is still
bounded. As a result, BIBO stability could be achieved.
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