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The small-signal stability of large-scale interconnected microgrids needs to be analyzed to find the
most dominant dynamic behaviors. In this paper, a comprehensive and easy-expandable module-based
modeling method is proposed, which is expandable to many interconnected AC microgrids through
circuit breakers, i.e. synchronous microgrids. Another certain requirement is validating such a large
model, which is satisfied using a well-known Prony analysis method. The large-scale interconnected AC
microgrids are implemented in a real-time digital simulator to provide input waveforms for the Prony
analysis. On the other hand, the dynamic modes of the proposed model are calculated by eigenvalue
analysis, and their contributions in each state variable are identified using the participation matrix. In
the proposed validation method, the participating modes in each state variable are compared with the
natural frequencies of its estimated waveform by Prony analysis. It is concluded that there is a good
matching between the participating modes in the state variables and the contributing frequencies in
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their waveforms that verifies the proposed modeling method.
© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

An individual microgrid (MG) is a self-controllable entity in
the modern power grids that comprises a group of distributed
energy resources (DERs), storage systems, loads, protection and
control devices, which can be operated in both grid-connected
and islanded modes. Although DERs can be connected to the grid
individually, their integration in MGs improve stability, reliability,
economic optimality and allow their higher penetration than in-
dividual DERs (Bevrani et al., 2017). Furthermore, these properties
can be enhanced by interconnecting individual MGs. This has led
to more research interest in interconnected microgrids (IMGs).

The IMGs operating mode is a new operation mode of individ-
ual MGs in order to improve their flexibility, reliability, resiliency,
DER penetration and also prevent/postpone load shedding by
exchanging the power efficiently (Lasseter, Jun. 2011; Shahnia
and Arefi, 2017; Shahidehpour et al., 2017). For this purpose,
the challenges of IMGs can be studied in different fields. Small-
signal modeling and stability analysis of AC IMGs through circuit
breakers (Shahnia and Arefi, 2017; Zhao et al., 2017; Nikolakakos
et al., 2016; Shahnia, 2016; Rehimi et al., 2020; Yao et al., 2021),
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modeling and stability analysis of AC IMGs through back-to-back
converters (Naderi et al., 2019b, 2020b; Sinha et al., 2021; Ma-
jumder and Bag, 2014), power oscillation damping and frequency
stability enhancement (Nikolakakos et al., 2016; Hossain et al,,
2016; Hirase et al., 2020; Ali et al., 2021), and stability improve-
ment by the interlinking devices and DERs control (Zhang et al.,
2016; Hao et al., 2018), are the main aspects of the IMGs stability
recently studied in the literature. Power exchange control of IMGs
is another important issue, which is based on the stability analysis
and studies (Wu et al., 2019; Hossain et al., 2016; Golsorkhi et al.,
2018; Zamora and Srivastava, 2018). Transient stability of land-
sea fishery IMGs supplied by seashore energies is also recently
studied (Ju et al., 2021).

Stability analysis and improvement of IMGs operation are
important due to possible interactions between the individual
controllers of IMGs themselves and also the power exchange
controllers. In addition, owing to the dominant low-frequency
modes of the IMGs, power and frequency oscillations are taken
into account (Hossain et al., 2016). Note that the stability analysis,
which is usually the small-signal type, is based on a linear model
of IMGs. Most of the previous models of IMGs are based on the
state space representation (Hao et al., 2018; Zhao et al.,, 2017;
Nikolakakos et al., 2016; Hossain et al., 2016; Shahnia and Arefi,
2017; Shahnia, 2016) where the basis for an autonomous MG is

2352-4847/© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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firstly presented (Pogaku et al., 2007). There exist new stability
analysis methods, which are used for MGs and other power
systems such as data-driven stability analysis method (Ferdowsi
et al.,, 2022). Such a method is very preferable for large-scale IMG.
Since the order of IMG dynamic model is usually large, its vali-
dation is difficult and at the same time necessary. Nevertheless,
all the existing models for IMGs are suffering from the lack of
comprehensive validation.

Validation methods for linear (small-signal) models can be
categorized in three main groups including time-domain, fre-
quency domain and signal analysis-based approaches. The time-
domain validation methods compare time-domain waveforms of
the model with the same waveforms of the experimental sys-
tem (Pogaku et al., 2007), the real-time simulated system (Naderi
et al., 2019b), a nonlinear model (Shuai et al., 2018) or a detailed
model (Nikolakakos et al., 2017). Though the frequency-domain
methods are usually used in validating linear systems and com-
paring large-order models with their reduced-order models, their
applications in nonlinear systems are reported (Dragicevic et al.,
2019). In these methods, Bode and Nyquist diagrams are used as
the comparison tools (de la O Serna et al., 2016; Bevrani, 2014).
The signal analysis-based methods, which are taken into account
in the system identification are based on the measurement. In
fact, the measured data is analyzed to find the inherent fea-
tures of the signal, e.g. the dynamic modes of the power system
frequency. Fourier transform (Bevrani et al., 2014), digital Taylor-
Fourier transform (de la O Serna et al., 2016), eigensystem real-
ization algorithm (TP462, 2012) and Prony analysis (TP462, 2012;
Sauer et al., 2017; Zhao and Loparo, 2017; Golpira et al., 2015;
Foyen et al., 2018), are the major signal estimation techniques,
which can be used to compare eigenvalues or state variables of
the model with the corresponding measured waveforms.

Prony analysis is a viable technique to estimate a signal with a
linear sum of damped complex exponentials. In comparison with
the similar methods, e.g. Fourier analysis, the Prony method has
the benefit of being able to estimate free from a fundamental
frequency and their harmonics. The Prony analysis is used as
a system identification method in many areas such as power
systems (de la O Serna et al., 2016; Feyen et al., 2018; Golpira
et al,, 2015). In Fayen et al. (2018), the Prony method is applied
to identify the power system oscillations in smart grids. In Bracale
et al. (2007), an adaptive Prony method is presented to estimate
the harmonics and inter-harmonics of measured current and volt-
age. In another application, authors employ Prony analysis to fit a
reduced-order dynamic equivalence model to a high-order power
system in frequency domain (Golpira et al., 2015). In the liter-
ature, a Prony analysis-based validation method is reported for
a small-signal FACTS model (Jiang et al., 2006). A 12-bus power
system with a unified power flow controller is modeled and the
model is validated by comparing eigenvalue and Prony analyses
outputs. Note that the Prony analysis can also assess the dynamics
of either very large MGs or IMGs, which are constructed from
components with unknown dynamic characteristics. Therefore,
Prony analysis can serve as a measurement-based alternative
dynamics estimation technique when detailed models are not
available.

In this paper, a comprehensive and detailed small-signal
model of synchronous interconnected MGs via AC lines and
circuit breakers is first developed and then validated. The major
differences and developments with respect to the existing works
are listed as follows.

e A module-based facilitating small-signal modeling method
is proposed for large-scale synchronous IMGs, which is ex-
pandable for any number of AC MGs interconnected by
circuit breakers in different connection structures.
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e In the proposed modeling method, all modules are mod-
eled separately, then interconnections among them are con-
sidered using the applicable functions of Robust Control
Toolbox in MATLAB. In fact, module modeling individu-
ally is a simple analytical calculation due to small-scale of
modules. In contrast, the interconnecting process, which
leads to large-scale IMG systems is a numerical calcula-
tion. Whereas, in the exciting works (Zhao et al., 2017; Wu
et al.,, 2019; Nikolakakos et al., 2016), a complete analytical
modeling method using several equation substitutions has
been presented, where expand-ability and generality for a
big number of MGs are hard to be achieved and are not
guaranteed.

A Prony analysis-based validation method is employed for
the proposed IMG modeling, which is a powerful signal
analyzing method that has been used in conventional and
restructured power systems equivalency, identification and
validation (TP462, 2012; Sauer et al, 2017; Serna, 2013;
Golpira et al., 2015; Fagyen et al.,, 2018). In the proposed
validation method, the dynamic modes, which contribute
in each state variable and their participation factors are
calculated by the eigenvalue analysis and the participa-
tion matrix. On the other hand, the Prony method is em-
ployed to access the natural frequencies and their contri-
bution in the waveform of the same state variable, which
is obtained from the real-time simulated nonlinear sys-
tem. The model validation is realized by comparing the
dynamic modes/natural frequencies and their contribution
in the state variable, which are obtained using Prony and
eigenvalue analyses.

The large-scale AC IMGs are simulated as real time in an
OPAL-RT digital simulator. Hence, the practicality of the
studied IMGs in the real time is proven, as well as the
small-signal model and the real-time simulated IMGs with
nonlinear behaviors are compared.

The reminder of this paper is organized as follows. Section 2
gives the small-signal modeling of synchronous IMGs. In Sec-
tion 3, the Prony analysis-based validation method is proposed
for the obtained model. Section 4 addresses the real-time simu-
lation results. Finally, conclusion is given in Section 4.

2. Small-signal modeling of interconnected microgrids

Fig. 1 displays a general structure of synchronous IMGs, in-
cluding autonomous AC MGs, interlinking lines, as well as circuit
breakers as reconfiguration devices. The MGs may have different
structures with any number of DERs, loads and lines. Here, the
primary and secondary control levels of the hierarchical MG
control (Bevrani et al., 2017) are considered, which are shown in
Fig. 1. Individual MG control is accomplished by the primary con-
trol level and the coordination control among IMGs is attained by
the secondary control level (Liu et al.,, 2017; Ren et al., 2018; Lai
et al.,, 2019; Weng et al., 2020; Lu et al., 2020; Wu et al., 2019; He
et al., 2019). Although, the grid-connected operating mode is not
of interest in this paper, it is worth mentioning that its required
control should be accomplished in the global/tertiary control
layer. Thus, the red connections are opened. Connecting circuit
breakers are assumed to be fast enough in switching process that
their dynamics are neglected in the dynamic modeling. Hence,
the main modules to be modeled are AC MGs and interlinking
lines.
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Fig. 2. A typical islanded AC MG including modules: DER filters, power network, loads, and secondary, primary, voltage and current controllers of follower DERy ;.

2.1. Interconnecting process of modules

In order to find a complete model, the individually modeled
modules (sub-models) should be interconnected, which will be
a time-consuming and analytically hard process for large-scale
systems as shown in Section 2.4. Nevertheless, in the proposed
small-signal modeling method, interconnecting modules is ac-
complished numerically using the useful Robust Control Toolbox
functions in MATLAB.

State space representation of modules can be transformed
to system matrix form using pck function. The corresponding
system matrix forms are considered as sub-models to form the
overall system using systemnames function. Function of input_to
is used to specify inputs to the sub-models. The inputvar and
outputvar functions should be implemented for specifying the
desired inputs and outputs of the overall model. Finally, the IMG
overall model is obtained by sysic function. Therefore, model-
ing of any number of synchronous IMGs with different struc-
tures can be realized only by interconnecting sub-models of the
modules, i.e. MGs and interlinking lines. Furthermore, the pro-
posed module-based method is also used for modeling each au-
tonomous MG, which itself can be a large-scale sub-system.

2.2. Microgrid modeling

As shown in Fig. 2, the MG structure consists of the basic
elements of AC MGs, including DERs, RLC filters and AC lines. All
DERs are assumed as ideal averaging modeled VSCs controlled
by the droop-based primary control. The autonomous MGs may
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be large-scale sub-systems of IMGs, e.g. when they have many
number of DERs. Therefore, the module-based modeling method
is proposed for finding their individual models. Hence, all MG
modules shown in Fig. 2 including secondary, primary, voltage
and current controllers, DER power part, power network and
MG load are modeled individually. Then, the interconnections
among all the MG modules are specified using the Robust Control
Toolbox functions. Finding a state space model of each MG is also
done by modeling the main modules of the MG and then apply
the interconnections like the process presented in 2.1.

2.2.1. Secondary control level

In the secondary control level, DERs should communicate
some own features to regulate MG voltage and frequency and
improve power sharing. One of the most common secondary
control methods is the distributed control, which communicate
the lowest required data leading to decreasing communication
failures (Khayat et al., 2019).

Pinning consensus-based distributed secondary control: In
synchronous IMGs, generally, the pinning consensus protocol is
used, which is a two-layer communication infrastructure includ-
ing intra-MG and inter-MG layers (Liu et al., 2017; Ren et al,,
2018; Lai et al.,, 2019; Weng et al., 2020; Lu et al., 2020; Wu
et al,, 2019; He et al, 2019). For such a nested IMG system
with large number of DERs, the pinning consensus-based sec-
ondary control technique is much appropriate due to its need
to coordination control for a number of DERs, i.e. leader DERs,
which leads to reducing the communication costs and failures,
and consequently improving reliability. Fig. 3(a), shows a simple
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schematic of the pinning consensus-based distributed secondary
control communications including typical inter-MG and intra-
MG/inter-DER communication links. In each MG, one of the DERs
is selected as the leader/pinning/head DER. Therefore, DER;, is
as a leader for other follower DERs within the MG to determine
the voltage and frequency references, wp pin and vy pin, in the intra-
MG layer as one of its objectives. However, voltage and frequency
references for leader DERs themselves are the rated voltage and
frequency of MG, i.e. wreq and vrgeq. Thus, one can consider
the leader DER objectives to regulate frequency and voltage as
follows:

lim |a)rated - (Un,pin| =0, lim |Urated - Un,pin’ =0, (1a)
t—o00 t—o00
lim |wnpin — @nm| = 0, im |vppin — Vnm| =0, (1b)
500 t—00

where n and m indicate n’th MG and m’th DER, respectively. Note
that (1a) states the inter-MG layer requirements, but (1b) belongs
to intra-MG layer necessities of frequency/voltage regulation.

DERyin is also a communicating node in the inter-MG layer to
share the information with other MG leaders and thus share the
active and reactive powers in IMG level. In fact, in one hand, the
leader DERs determine the required powers to be shared among
IMGs, and on the other hand, they command the follower DERs to
be coordinated to satisfy the IMG power exchanges required for
global IMG power sharing. Therefore, the leader DER objectives
to share active and reactive powers can be given as follows:

lll‘l‘l |’ n,pin n ,pin — kfpinPL,pin| = 0, [ll)n;lo kgpinQn,pin - ]cgpian,pin = 0’
(2a)

llm |kn pin n ,pin — klr:_mpn.m| = 07 tll>no]o k,%;,an,pin - k(nlanm‘ = Oa
(2b)

where | shows I'th neighbor MG of MG,. Note that (2a) and
(1b) determine inter-MG and intra-MG layers requirements of
active/reactive power sharing, respectively. It is worth men-
tioning that voltage/frequency regulation considerations and ac-
tive/reactive power sharing requirements of follower DERs in
each MG are taken into account in the pinning consensus-based

6680

(a) communication links, (b) control loops.

secondary control architecture in a distributed method, which is
fully explained in the literature (Khayat et al., 2019).

The distributed secondary controller modeling: As shown in
Fig. 2, the secondary controller for both frequency and voltage
loops of all DERs is an integral type, where the delay parameters
are t and T for follower and leader DERs, respectively. The sec-
ondary controller outputs are the nominal frequency and voltage,
which have also the same form for all DERs. Nevertheless, the
secondary control inputs of the leader and follower DERs are
different. In fact, the leader DERs receive the rated MG values
(wrated and vyqeeq) and follower DERs receive the MG leader values
(wpin and vpi). Therefore, the governing relationships of these two
DER types are different.

According to Fig. 3(b), for the typical leader/pinning DER of
MG, the dynamic relations are given as follows:

. PP
a)g?;;?n - T(un ,pin + kn ,pin Uy, pm) (33)
i)g,azg?n = T(uy pin T kn pintn pm) (3b)
where the input signals are as follows:
uﬁ),pin = Z anl(wl,pin - wn,pin) + ano(wrated - wn,pin)’ (43)
leNy
~ 1P P
n ,pin — (1/kn ,pin Z aﬂ'(kl,pinpl,pm kn ,pin® n pm) (4b)
leNy,
uz,pin = Z anl(vl,pin - Un.pin) + ano(vrated - vn,pin)y (4c)
leNy
— = Q Q
" .pin T (]/kn ,pin Z a”l(kl‘pinQI,pin - kn,pinQn,pin)' (4d)
leNp

The inter-MG cyber network can be defined as (%, &, A) with
leader node set & = {®1 pin, ... Pnpin. - - - » Ompin}. set of edges
§C ¥ X ¥, i.e. communication links among IMGs, and adjacency
matrix A = (Gy)mxm, Where a; = 0 and a,; > 0. @, = 1if and only
if (O, pin, U1, pm) € ¢&. The neighbors of MG, is expressed in the set
Np = {D1pin € D |(9n, pin: Vipin) € £ }. The access of leader DERs to
the rated MG values is specified by the leader-adjacency matrix
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B= diag{ay, ..., Gno, - . . , Guo}, Where ano = 1if the rated values
are available for the MG, head, otherwise, a,,p = 0.

According to Fig. 2, for the typical follower DER, ,,, the dy-
namic relations are as follows:

DM = (U 4 K U ), (5a)
O = T + Kty ), (5b)
where the input signals are as follows:
u;;),m = Z anmj(wn,j — Wpm) + a?no(wn,pin — Wn,m)s (6a)
JENn,m
uﬁ,m = (1/kgm) Z anmj(l<l;,jpn,j - kg,mpn,m)
Jj€Nn,m
+ anmo(kﬁ,pinpmpin - klr;,mpn,m)’ (Gb)
Upm = Z QiU j = Vnm) + o (VU pin — Vnm), (6¢c)
J€Nn,m
ud, = (1/k ) Y an(kQ,; — k2 ,Q, )
j€Nn,m
Q
+ a?no(kn,pinQn,pin - k(r%an‘m)’ (Gd)

The inter-DER cyber network in each MG, can be defined as
Xn(Pn, €n, An), which describes the communication interactions
among S — 1 follower DERs, where S indicates the total
number of DERs of each MG. The node set 1,
{9n1. - Onpin—1, Pnpint1s - - - Uns,} represents the follower
DERs, the set of edges e, C ¥, x ¥, expresses the communication
links among the DERs, and A, = (a?nj)(sn_ux(sn_]) is an adjacency
matrix, where aj,. 0 and ay; > 0. ay; = 1if and only if
(On,m» ¥nj) € en. The neighbor set of MG, can be expressed by
Nom = {13‘,,,]- € Uy |(l9n,m, Unj) € €n } The access of each DER to
the MG, leader values is specified by the leader-adjacency matrix
B, = diag{a},, ..., ay,, ..., ds,}, where aj, = 1if the leader DER
values are available for the DER; ;,, otherwise, a;, = 1.

By specifying the two integrator outputs as the state vari-
ables, one can find a state space representation for the secondary
controller of each DER as follows:

Xsc = AscXsc + BsciUsc1 + BscaUscy + Bsc3Uscs,
Ysc = CscXsc,

(7)
where Ysc = Xsc and equal [0 v

oo Unonn 1T for leader DERs, or
[wpom vpom]t for follower DERs. Input vectors of the leader and
follower DERs are tabulated in Table 1. Ac = 0, and Csc
I,. Obviously, the size and content of the input matrices, Bsc1,
Bsc;, and Bscs, are strongly related to the inter-MG and inter-
DER communication network configurations. Therefore, it is not
easy and not necessary to show them for the general situation.
However, they can typically be shown for the case study two-
IMGs in which each MG has two DERs and DER; is the leader
DER. The input matrices of MG; DERs are given as follows:

i I | 52
w=lo 1o ot ) @
e 80
=0 50 o La) 50

other cases are zero matrices with appropriate sizes. Note that the
matrices of MG, DERs are similar to (8) with appropriate indices
for matrices and their content.
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Table 1
Input vectors of the state space representation of the leader and follower DERs’
secondary controls.

DER type Usci Uscz Uscs
Leader DER, pin - Column vector of {Y:;C‘”i” (9 pins I1pin) € } Yo
Follower DER,, Yy Column vector of {Y,'}C’ [(Fn.m. 9ns) € en } ynpin

The communication delay is an important issue in the dis-
tributed secondary control, which may has considerable impacts
on IMG stability. In the literature, this issue is studied for AC
and DC IMGs. Delay-dependent small-signal stability analysis of
AC IMGs through circuit breakers is investigated by considering
communication delays within a Lyapunov function (Hao et al,,
2018). The instability and oscillations are studied in DC IMGs on
dc bus voltages due to time delays of communication channels
used in distributed controllers (Dong et al., 2018; Mudaliyar et al.,
2020). Communication delay (Han et al., 2018), and global/local
layer link failure and time delay (Sahoo et al, 2019) are also
taken into consideration to verify the corresponding controllers’
performance and their transient stability. Therefore, solving the
challenges of communication delay such as modeling, stability
analysis, and robustness against it, is still of interest and should
be taken into account in future works.

2.2.2. Primary control level

The DER power controller comprises w — P and V; — Q droop
characteristics, a power calculation unit, and two low-pass filters
(LPFs) as shown in Fig. 2. The conventional droop characteristics
have no dynamics. Therefore, in order to find the small-signal
model, it is enough to consider the dynamics of LPFs and the
integrator of the local voltage phase (6,,) producer. The difference
of the common and DER,, reference frames angles, i.e. &y, is
considered as the state variable instead of the 6,, due to the
reason presented in Section 2.2.8. It is given as follows:
8m = Om — O = /(a)m — whmdt, 9)
where wy, is the DER,, angular frequency and 67, is the DER,
voltage phase in each MG, and the common reference frame (CRF)
is considered to be based on it. Then, a state space representation
can be given as:

. m
Xpe = ApcXipc + BpopUppp + BpscUpse + Bpe Ay,

YITC = CITCX?C’ (10)
where Xpr = [Ady APy AQu]", Unp = Yhp, Upe = Yo,
Yie = [Awn szmf A8 AP, AQn]" and the matrices are easy
to be found (Naderi et al., 2019b).

In general, " and fqm are the dg-components of 2 x 1 vector
f ., where f can represent each voltage, current, or control vari-
able. 0 at subscripts indicates a variable value at the equilibrium
point. All parameters and variables are specified in Fig. 2.

2.2.3. Voltage controller

A voltage controller locally regulates DER output voltage,
which is usually done in rotary reference frame. The reference
of the direct voltage component is reached from the V; — Q
droop characteristic and the reference of the quadrature voltage
component is usually considered as zero. PI controllers are usual
for both voltage and current controllers as shown in Fig. 2.
Therefore, a state space representation is easy to be obtained as
follows:

Xye = AVXY + BUY,
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m

Yic = CucXyc + DycUye, (11)

where XV~ is a 2 x 1 vector of the integrators outputs, Uy

(Y], Yiel" and Y{. = ijg,- The matrices can be calculated after
convertmg Laplace- domain relationships attained from Fig. 2 to
the first-order differential equations and then implementing the
modeling steps.

2.2.4. Current controller
RLC filter-based DERs require a fast current limiting process,
which is realized by restraining the filter current through the
current controller. Using a similar structure to the PI voltage con-
troller as shown in Fig. 2 the state space model can be represented
as:
m

C = A¢cX¢e + BecUgc.

Y™ = CcnXm + DU, (12)

where X7 is a 2 x 1 vector of the integrators outputs, UCC =
(Y5 Y0 Yhell, Y3 = my,, and the matrices can be found in the
same way explained for the voltage controller.

2.2.5. DER power part

According to Fig. 2 and using common modeling steps com-
prising to employ circuit laws, Park transformation, dq decou-
pling, and Taylor series-based linearization, the dynamics of each
DER power part, e.g. DER,,, including an ideal voltage source
and an RLC filter can be obtained by the first-order differential
equations. By representing the equations in the matrix form, the
state space model can be given as:

XDP = AppXpp + BppUpp + BpyUpy.

Ypp = CppXpp + DppUpp + DpyUpy. (13)

where Xp, = [Ai, Avj,1", the control input ups
[AEd Awn]", the disturbance input Uy i, , and one can

easﬂy calculate the matrices.

odq’

2.2.6. Power network

Note that any configuration of MG power network is able to
be considered. However, a usual structure including DER coupling
lines and one point of common coupling (PCC) is assumed here
(see Fig. 2). In fact, more PCCs and their connecting lines can
be reduced to the studied structure using Kron reduction (Shuai
et al., 2018). Hence, a dynamic model of the m’th line is achieved
after the modeling steps as the following state space representa-
tion:

XPL = ApXp + BpUjp + BUjp + BLL UL,
Y = CpXp,

m __ m
where, X = Y,

(14)
Un}’ = Avpcc dq’UTD = YglP’Ulr."w =
Aweom. Aweom is the perturbed form of the CRF angular frequency,
which is addressed in Section 2.2.8. The matrices can be cal-

culated by comparing (14) with the corresponding first-order
differential equations.

odq’

2.2.7. MG load

Here, a lumped series RL load is considered for each MG.
In fact, it is an equivalent load after applying Kron reduction
to simplify MGs with any number of loads (Shuai et al., 2018;
Nikolakakos et al., 2017). Hence, the expressing relationships for
the equivalent MG, load dynamics can be given as:

° 1
Xy = AnMLXR/IL + B CUMLC + Blr\I/ILPUIr\l/ILP’
(15)

and

n __ enoyn
YML - CMLXML’

where Xy = Yy, = Ay 40, Uyyc = A,
all matrices can be easily calculated

com? UMLP - Avpcc dq’
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2.2.8. Common reference frame

Frequency references of DERs are independently produced as
shown in Fig. 2 in the primary control level. Due to the stable
operation of the droop characteristics, all DER frequencies will be
equal in a stable steady state. However, their transients may be
different due to different dynamics of the DER frequency loops.
Hence, a CRF is considered to model DER frequency interactions
during transients (Nikolakakos et al., 2016; Pogaku et al., 2007).
In this way, the following four steps are essential.

(i) The CRF should be determined based on one of the DER
reference frames. In this paper, the reference frame of the DER,
of MG, is determined as the CRF.

(ii) As discussed in Section 2.2.2, A§ is specified as a state
variable in the power controller of each DER.

(iii) weom is employed in modeling modules anywhere that
DERs frequencies are not used in modeling, e.g. power networks.

(iv) The output variables of each DER reference frame to the
modules stated in the CRF, must be converted into the CRF
and vice versa. For example, the v, is originally presented in
the DER;, individual reference frame, and it is an input to the
power network sub-model, which is stated in the CRF. Hence,
the v, should be converted into the CRF. Inversely, iz, should
be converted from the CRF to the DER,, reference frame. Both
the individual-to-CRF and CRF-to-individual transformations in a
perturbed form after linearization are given as follows:

Avpg =T;. Avgq + Ts1.A8,
Avdq = T;I.AvDQ + Ty . A8,

(16a)
(16b)

where vpg and vy indicate variables in CRF and individual frames,
respectively. T, Ts; and T, are reported in Naderi et al. (2019b).

2.2.9. Overall MG model

To find the state space representation of overall MG, the
interconnections among all modeled modules presented in pre-
vious sub-sections should be modeled. The interconnections are
based on the MG power and control configurations and can
be calculated using the advantageous Robust Control Toolbox
functions.

According to Fig. 2, the control loops and power part of DER,’s
are fully modeled by (7), (10), (11), (12), and (13). Moreover,
the MG power network and load models are stated using (14)
and (15). The PCC voltage chc,dq is as a disturbance input in
(14) and (15), which causes lack of solving the set of existing
differential equations. Hence, a virtual resistor r, is assumed at
the PCC,, which results in the complementary relationship for the
set (7),(10),(11),(12),(13),(14), and (15). After adding the virtual
resistor and applying KCL at the PCC,, the PCC voltage is obtained
as:

M
i .
pcc dqg — ZRV odgq + ZRVI?L,dq - RVIZ),dq’ (17)
=1

where, Ry = ryI, and i;‘L’.dq is the current of I'th interlinking line
connected to the PCC,.

An expandable MG model can be obtained according to Fig. 4,
where shows the interconnections of all MG modules. Each MG
with any number of DERs, lines and loads can be represented as
the state space model:

XX/IG = An XIT\I/IG + B;\]/IGUIr\l/IG’

YKAG - CMGXnMG+DIIz/IGUMG’ (]8)
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Controller
Eq. 8 Y,
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Controller
Eq.7

Fig. 4. All power and control interconnections of proposed generalizable modeling for autonomous AC MG,,.

where the state vector can be organized as

m,n
XDER

n _ryln m m m m m S.n
XMG _[XDER XSC XPC XVC XCC XPD "'XDER

1,n m,n S.n yn 1T
XpT oo xmr XX

and it consists of 15m + 2 state variables for the MG struc-
ture shown in Fig. 2(a), where m is the number of DERs/lines.
Interlinking line currents to MG, are as the disturbance inputs
ie. Uy = [i}4, - ijl'4,]” and the MG, output can be considered
as Yy = [Aol, Avy 4 Yof"I". Finally, the matrices can
be numerically calculated employing the Robust Control Toolbox

functions presented in Section 2.1.
2.3. Modeling of interlinking lines

Interlinking lines are also modeled as series RL branches as
shown in Fig. 1. The equations are assumed to be expressed in the
CRF. Since the interlinking line dynamics are completely similar
to the dynamics of the MG network lines, (14) can be rewritten
with accurate variables for IL,; as follows:

ol anlynl nlyynl
Xy =AX; + B Uy,

nl __ pnlynl
Y =Cp Xy, (19)
nl __ 1 T nl __ ynl __ nl
wher'e Ui = [AV gg AVpecdg A0l Xip = Yip = A g, and the
matrices can be simply calculated.

2.4. Overall model of interconnected AC microgrids

By modeling all IMG modules including AC MGs and interlink-
ing lines separately, small-signal modeling of various structures
of IMGs is possible. Fig. 5 indicates the details of interconnections
among the IMGs shown in Fig. 1. Note that the CRF zone consists
of all interlinking lines and it is extended to the MG power part
excluding the DER power part. The PCC voltage of each MG is
as an input for each interlinking line to this MG. Inversely, the
interlinking line current is as the input of the corresponding MGs.
Thus, the overall model, which is input-free, is represented in the
state space form as:

Ximc = AmcX v (20)
where the integrated state vector of the main modules is as:
MGs ILs
1 M !
Xive = [Xe o Xpe o X - X, (21)

including (15m + 2)n + 2p state variables, where n and p are the
number of MGs and interlinking lines, respectively. General form
of Ajyc is as:

A A
A — 'MGs 'MG,IL ] (2 2 )
e |:AIL, MG AILs

where
(Al ... Bl BLL, ... B,
Ay = : . Byen = )
LB - Al B, - Bun
(BMCT .. BMo Al ... 0
AIL,MG = : . ’AILS = : . : (23)
_3%31 .. B;‘l/"g“ 0o .- Afl_

A}, is given in (18) and it is always nonzero. ng shows the
secondary control communication structure from MG; to MGy,
which is obtained from Bgsc; in (7). It is nonzero if and only if
there exists a communication link between these two MGs. Bj&%n
indicates interconnections from MG, to IL, state variables, which
is obtained as a sub-matrix of B}, in (18), and it is nonzero if
and only if the MG, is connected to another MG through the IL,.

B;‘[’E” indicates interconnections from IL, to MG, state variables,

which is obtained as a sub-matrix of the typical B?Ll in (19), and
it is nonzero if and only if Byf, # 0. Finally, A} is the same with
typical A?L’ in (18). For the typical four-IMGs case shown in Fig. 6,

A4vc is obtained as follows:

Ay O 0 B Byc: By 0 ]
0 A}, BZ 0 BLZ 0 0
0  BZ Ay B 0 0 Bygy
B 0 BE Ay 0  Bua By
As_vc =
By, B 0 0 A7 0 0
Biis 0 0 By o A 0
L 0 0 B B o 0 A’

Therefore, the overall IMG state matrix Aj; can be achieved
analytically using (22) and (23). Nevertheless, it is easier to be
calculated numerically for interconnecting a desired number of
the modules using the valuable Robust Control Toolbox functions
in MATLAB. Note that the main requirement in this method is to
exactly specify the interconnections in each IMG case study as
generally shown in Fig. 5.

3. Prony analysis-based model validation

In this section, the Prony method as a signal analyzer tool
is presented. In addition, the participation matrix used to find
the contribution of dynamic modes in the state variables are re-
viewed. Finally, the obtained model is validated using eigenvalue
and Prony analyses.
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Fig. 5. Specifying interconnections among synchronous microgrids through interlinking lines including all inputs and outputs of the main modules.

—Emm- Interlinking line
Power link
Communication link

Fig. 6. A typical system of four interconnected microgrids via three interlinking
lines and an inter-MG communication network.

3.1. Prony analysis method

A signal y(t), which is sampled with the sampling time T, can
be represented as follows:

L
yIkI =) G,
i=1

where L is total number of estimated damped sinusoid compo-
nents and k = 0,1, ..., N — 1. Unknown parameters C; and ,u{"
can be found by comparing (24) with the estimated signal y(t),
which is constructed by the sum of complex damped sinusoids
as follows (Papadopoulos et al., 2014; Golpira et al., 2015):

(24)

L
() = ZA,-e“f(” cos(2fit + ¢i),

i=1

(25)

where A;, o;, fi and ¢; are amplitude, damping coefficient, fre-

quency and phase of i'th component. Therefore, C; and Mf have

following relationships with the parameters of (25):
Ai

G = Eleldh" (26a)

/'L;( — e(0i+j2nf,')T. (26b)
The original Prony analysis computes C; and ¥ in the three
following steps using the samples y [k], such that k L L+
1,L + 2,...,N — 1 (Zieliniski and Duda, 2011; Hauer, 1991;
Papadopoulos et al., 2014).
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3.1.1. Predicting linear model
A linear prediction model can be given by the observed data
set as follows:

yikl=aylk—1]+aylk—2]+---+ay[k—1L]. (27)

In order to obtain a; coefficients, (27) is written for all values of
k and forms an equation set, which are represented in a matrix
form as follows:

A=D'Y, (28)
where, D™ means the pseudo inverse of D, A =
[a; a al”,Y=1[y[L] y[L+1] --- y[N—1]]" and
yliL—=1] y[L-2] y[0]
B ylL] ylL-1] yi1]
[N=2] yIN=3] - yIN—L—1]

3.1.2. Root calculation of the predicted model

The roots of following characteristic polynomial, which is
formed from the linear prediction coefficients a; can be found
easily using many computation softwares, e.g. MATLAB.

pr—agp™ = —a g —ap =
(= ) = ) (e — fir),
where, [i; depicts the roots of the polynomial.

(29)

3.1.3. Coefficient calculation
C; coefficients are calculated by substituting f&; in (24) as
follows:

C=UY, (30)
where, C = [C; G C;]" and U™ means the pseudo
inverse of U, which U is as follows:
1 1 1
i 17 i
U= . . .
N1 AN—1 ~N-1
1 Ky MKy

Finally A;, oj, f; and ¢; can be calculated only by decoupling the
real and imaginary components of both sides of (26a) and (26b).

3.2. Participation matrix

In order to analyze small-signal stability of the proposed
model, the eigenvalues are calculated as follows:

|sI — Al =0, (31)
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Table 2

Power and control information of two interconnected AC microgrids.
Parameter Value
RMS line-line voltage (V) 400
DC voltage (V) 780
Angular frequency (rad/s) 1007
Interlinking line impedance 3.6 + j1.23
()
MGs MG, MG,
MG Ppax (KW) 3 3
MG Quax (KVAT) 15 15
Initial load 0.6P;;0x 0.5P;0x

0.6Qunax 0.5Qumax

Controller coefficients Kp K;
PI voltage controller 1 200
DGs DG, DG, DG; DG4
DG ratings (Smax) (kKVA) 1.12 2.24 1.12 2.24
Series filter inductance 1.8 1.8 1.8 1.8
(mH)
Series filter resistance (£2) 0.05 0.05 0.05 0.05
Shunt filter capacitance (wF) 3.7 7.5 3.7 7.5
Line inductance (mH) 15.6 7.8 15.6 7.8
Line resistance (£2) 3.6 1.8 3.6 1.8
P-f droop coefficients 1.6 0.8 1.6 0.8
(1073 rad/s W)
Q-V droop coefficients 6.5 32 6.5 32
(1072V/VAR)
Leader/follower secondary 0.2 10 0.2 10

control delay (T/t) (s)

where s is Laplace operator and I is the identity matrix with
appropriate size. In this study, the contribution of the eigenvalues
in the IMG state variables are required to be compared with the
Prony analysis outputs. The participation matrix indicates the
contribution of each eigenvalue in each state variable and vice
versa, which can be calculated as (Shahnia and Arefi, 2017):

Mp= (P e &, (32)

where @ is the right eigenvector matrix of Ajc and e denotes
Hadamard product. Mpg(i, j) shows the involvement of i'th state
variable in j'th eigenvector and also the involvement of j’th eigen-
vector in i'th state variable. Thus, in order to find each state
variable, all participant eigenvalues should be taken into account.
In fact, each participant in i'th state variable is equivalent to a
non-zero element of i'th row in Mpr, which is a positive number
less than/equal to 1 if the matrix elements (participation factors)
are normalized as follows (Shahnia and Arefi, 2017):

M n(i, ) = [Mp(i, )l /Y Mpr(i, m),

m

(33)

where Mpr n(i,j) is the normalized participation share of j'th
eigenvalue in the i'th state variable.

3.3. Model validation procedure

Fig. 7 shows a block diagram of the proposed validation
method. The measured waveforms of the real-time simulated
IMGs are analyzed by the Prony method. In order to take precise
results from the Prony analysis, a perturbed form of the measured
waveform must be found by subtracting from the set-point. In ad-
dition, the Prony analysis parameters should be chosen carefully
including number of damped sinusoids (L), data window width
(equivalent to k) and sampling time (T). As a result, all composing
damped sinusoids of the perturbed waveform are estimated in
the form of natural frequencies (y; = o; & j27f;), amplitudes (A;)
and phases (¢;).
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In order to realize the proposed validation, the dominant
participating eigenvalues in the state variable and their partici-
pation factors should be equal or near to the natural frequencies
and their corresponding amplitudes of the Prony estimated state
variable, respectively. The model validation error (MVE), which
shows the similarity percentage, is as (Naderi et al., 2019b):

2]
where MVE; is the relative error percentage that indicates the
difference between estimated frequency y; by Prony analysis
and correlated eigenvalue A; calculated by eigenvalue analysis. A
similar relation can also be used for the difference between per-
unit contribution in waveform A;(pu) (instead of y; in (34)) and
correlated normalized participation factor Mp , (instead on ; in
(34)). Note that the values are per-unit in this case. Therefore, a
relative error for MVEpr is not required.

MVE; = x 100, (34)

4. Real-time simulation results

In order to verify the proposed modeling method, a typical
two IMGs presented in Naderi et al. (2019a), which is based
on the general structure shown in Fig. 1 is implemented in an
OPAL-RT simulator. Table 2 comprises the electrical and control
parameters used to find the numerical form of Ay for the two
IMGs. Moreover, initial values are obtained from the real-time
simulation of the IMGs based on the information of Table 2.

4.1. OPAL-RT simulator

The simulations are done in OPAL-RT simulator OP5600 to
show the ability of working the study IMGs in real time. Fig. 8(a)
shows the experimental setup including the host PC, the OPAL-
RT target and a LAN cable for networking. Fig. 8(b) shows the
conceptual diagram of the real-time simulation process. RT-LAB
software is used as the interface between MATLAB and real-
time OPAL-RT simulator. The MATLAB/SimPowerSystems model
is loaded on the OPAL-RT through the RT-LAB and the real-time
data is come back to MATLAB conversely. Note that the model
is split into two subsystems, i.e. a subsystem including all per-
manent power and control parts during the real-time simulation
and a subsystem including real-time displays and changeable
parameters.

4.2. Eigenvalue analysis results

Fig. 9 shows all eigenvalues of the proposed model for two
IMGs, where four different frequency ranges can be observed.
Very far eigenvalues from the imaginary axis are related to the
DER power part, i.e. RLC filters (Group 1). The eigenvalues around
-600 real correlate to the MG loads, power network, interlinking
line and somewhat inner controllers (Group 2). The eigenvalues
around -200 real are generally related to the inner controllers
(Group 3). The dominant modes are mostly related to the sec-
ondary and primary controllers as well as DER coupling lines
(Group 4).

4.3. Prony analysis results

Fig. 10 shows the perturbed form of three measured wave-
forms from the real-time simulated IMGs and their estimation
using the Prony analysis, which is applied at the time interval
of 0 sto1siekT 1s. For a precise estimation in each
case, L and T are changed and the convenient values are found
by trial and error method, which are indicated in Table 3. MG,
and MG, are operated in 60% and 50% of their nominal load,
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Fig. 7. Block diagram of the proposed model validation by comparing the outputs of the eigenvalue and Prony analyses.
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Host PC .| Target: OPAL-RT simulator
= — @_\ Loa(;mlg
model
9 RT-LAB >
11 Real-time
Matching OPAL-RT and data
MATLAB LAN
Loading Real-time cable
model data
MATLAB/ = J
SimPowerSystems | Real-time output waveforms |
Real-time | el i
Power and P measurement [ [ """~ >i 4 i
control 1 E
parts L parameter i ;' i
changing ®) i i

Fig. 8. (a) Real-time setup including the host PC, the OPAL-RT target and a LAN
cable. (b) Conceptual diagram of the real-time simulation process.

respectively. As the second set-point, the MG load increases
to 90% of its nominal value at t 1 s. This recent change
shows only the different dynamic responses of two different set-
points and initial conditions. Note that a state variable waveform
can show all participating natural frequencies only when the
input or the initial condition is applied in the direction of all its
eigenvectors. In this situation, the Prony analysis can correctly
estimate all natural frequencies. By comparing several initial con-
ditions, the best identification can be achieved by the zero initial
condition.

According to Fig. 10, Alyg, AfM®* and A8YC! are estimated
well by the Prony analysis. In fact, the real-time simulated wave-
form is fitted by the Prony estimated waveform in all three
cases.

4.4, Comparison results

The Prony estimation results are classified in Table 3 including
the natural frequencies and their related contribution in the
waveforms. On the other hand, the results of the eigenvalue
analysis are depicted in Table 3 including the dynamic modes and
their participation in the state variables.

According to the comparison results in all three cases, the
natural frequencies and dynamic modes are not exactly the same.
However, there is an appropriate similarity between the fre-
quency ranges and even the real and imaginary values in some
cases. These similarities are shown by placing similar natural
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Fig. 10. Simulated waveforms and their Prony estimation: (a) direct component
of interlinking line current, (b) frequency of DER; in MG, (c) angle difference
of DER, voltage in MG; from the common reference frame.

frequencies and dynamic modes in same rows. Note that the
lack of complete equivalency can be due to deletion of some
dynamics during linearization or the lack of exciting some natural
frequencies. Moreover, Fig. 11 shows MVE for the listed variables
in Table 3 including dynamic modes and their per-unit partici-
pation factor (PF in the legend). The third mode of Al;, which
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Comparison between outputs of the Prony and eigenvalue analyses.
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State Number of damped  Sampling Mode Prony analysis outputs Eigenvalues analysis outputs
variable sinusoids L time T (s) number
Natural Contribution in Dynamic mode (1) Contribution in state
frequencies (y) waveform (per-unit) variable/participation
factors (per-unit)
1 —4.74+j18.47 0.134 —6.754420.95 0.114
2 —59.76 0.36 —73.49 0.33
) —509.69+261.80  0.14
Al 6 0.004 3 —453.614j511.31  0.34 63507431267  0.132
4 —452 0.16 —467 0.14
—166.264j19.38 0.137
Other 0.01
) —6.754j20.95 0.334
1 —5.354j22.35 0.218 826412882 0.206
—19.94 0312
afpe 9 0,004 2 —22.40 0.531 12 0,025
3 —81.22 0.175 —73.49 0.122
—305.72 0.002
—146.69+j73.18 0.01 Other 0.01
—605+219.91 0.064
1 —6.52+j21.39 0.76 —8.27+j28.68 0.806
2 —79.88 0.208 —73.49 0.152
Ashiet 6 0.001 145174
B ) —145.174j186.91  0.012
3 140.58+j217.93  0.024 14371419251 0016
—3419.19 0.006 Other 0.01
40 — 5. Parameters sensitivity analysis
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30 2 Figs. 12 and 13 shows the sensitivity analysis of the most
< ~O- 40! dominant parameters of the CB-IMGs, i.e. primary and secondary
3 .

;20 e AL (PF) controllers parameters. In Fig. 12(a) and (b) the w — P droop
E A ] characteristic gains of MG;’s DERs and MG;’s DERs are modi-
~Or 484 pr) fied within [0.1 5]%.(w,/P2ER), respectively. The most dominant

10 modes affected by changing w — P droop gain K, are shown

\* by A; and XA,. Aq is very close to the imaginary axis for very

0 - low value of K,. The modes change to an oscillatory mode by

Mode Number

Fig. 11. Model validation error (MVE) for listed variables in Table 3 (solid line
for MVE and dotted line for MVEp).

is calculated by averaging, has the maximum MVE. This mode
is medium frequency, thus it is considerably affected by the lin-
earization process. The maximum MVEp; is 32%, which belongs to
the first mode of Af,"“!. The low frequency modes, which can be
observed in the power controller variables, e.g. Af}M? and As)cT,
are more taken into account in the stability studies (Nikolakakos
et al,, 2017) and generally are validated with MVE less than 20%.

Note that in order to simplify the model and use in stability
analysis, one can reduce the main model order to these low-
frequency modes (Naderi et al., 2020a). As it can be seen in the
first two rows of Af}“? and A8Y“! in Table 3, these low frequency
modes are validated with an appropriate MVE shown in Fig. 11.
Therefore, an important point is that Prony analysis can be used
to find a simplified model of large-scale systems such as IMGs by
measuring a remarkable characteristic, e.g. frequency and analyz-
ing it by Prony tool. Such a measurement-based modeling method
and correlated data-driven control methods will studied in future
works.
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increasing K, and will decrease the stability margin. For, the
same criteria for changing the K, gain, K)"*' increase does not
cause instability, however K}'** increase leads to instability for

K52 > 7.2 rad/kW s. In Fig. 12(c) and (d) the v — Q droop
characteristic gains of MG4's DERs and MG,'s DERs are changed
within [1 15]%.(v,/QRER), respectively. Increasing the K for both
MGs results in the stability margin enhancement. Note that the
nearest eigenvalues to the imaginary axis are not affected by the
K, gain modifications. Moreover, there exist small changes of the
oscillatory modes, especially in Fig. 12(d) for changes of the MG,
v — Q droop gains. However, in Fig. 12(c), the frequency of the
dominant oscillatory modes increases as 4 Hz.

According to Fig. 13(a) and (b), when both the secondary
controller parameters T and t increase, the most dominant eigen-
value moves from the very close position to the imaginary axis
to the left side, where the stability margin is improved. Other
dominant real modes in Fig. 13(a) have a same behavior for
the T change. Nevertheless, the dominant oscillatory modes have
negligible movement for the T change. On the other hand, the
dominant oscillatory modes have considerable changes in their
real value for modifying the t as shown in Fig. 13(b).

6. Conclusion

This paper proposes a comprehensive, generalized, and ex-
pandable small-signal model of synchronous interconnected AC
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Fig. 13. Sensitivity analysis output for the secondary controller parameters: (a) leader DERs T,,., € [0.1 10] s, (b) follower DERs t,,.,; € [0.1 10] s.

microgrids together with a standard model validation approach.
In the module-based small-signal modeling method, the standard
state space representation is used for each module and modules
interconnections either are found analytically or are calculated
using powerful Robust Control Toolbox functions in MATLAB.
Prony and eigenvalue analyses as well as participation matrix are
used as powerful instruments to validate the proposed model.
Using Prony analysis, the measured waveforms of real-time sim-
ulated interconnected microgrids are estimated with a sum of
damped sinusoids. Then, their natural frequencies and amplitudes
are compared with the dynamic modes of the model and their
participation in the state variables, which are calculated using
eigenvalue analysis and participation matrix, respectively. The
results exhibit that Prony analysis can estimate the real-time
simulated waveforms accurately. Moreover, the model validation
error is less than 20% in most of the cases. Nevertheless, in
comparison, some results of the two analyses are not completely
the same due to the lack of excitation of some frequencies or
their deletion during linearization. Therefore, Prony analysis can
be used to validate the small-signal model. Furthermore, the
small-signal stability is analyzed using eigenvalue and sensitivity
analyses, which shows a considerable impact of the secondary
and w — P primary control parameters on the stability margins.

6688

One can conclude that a model can be found for large-scale
systems such as interconnected microgrids, especially when the
model focus on a specific characteristic, e.g. frequency, which will
left for future works.
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