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Abstract—This paper provides a small-signal model and sta-
bility analysis of interconnected AC microgrids (MGs) connected
through back-to-back converters (BTBCs). The proposed model-
ing method of the networked microgrids (NMGs) is derived and it
is generalized for any number of NMGs through BTBCs. Differ-
ent BTBC control parts are analyzed to study their impact on the
NMG stability. The eigenvalue analysis and participation matrix
are employed to identify dynamic modes of BTBC DC voltage
controller. For two NMGs, main participating state variables
and corresponding parameters in the dominant low-frequency
modes (LFMs) are recognized, then acceptable ranges of the
parameters are calculated using the sensitivity analysis (SA).
The contribution of the control BTBC parameters including PLL
and DC voltage controller parameters in the small-signal stability
margin are shown. In addition, to show the BTBC control impact
on the NMGs stability in the time domain, simulation results
are provided for the two NMGs in SimPowerSystems/Matlab
environment.

Index Terms—Networked AC microgrids, back-to-back con-
verters, small-signal modeling, Small-signal stability analysis,
sensitivity analysis.

[. INTRODUCTION

NDIVIDUAL MGs are new blocks of modern power grids,

which integrate distributed energy resources (DERs) and
localize the production and consumption of electricity. Each
MG consists of a group of DERs, storage systems, loads, as
well as protection and control devices that can be operated
in both grid-connected and autonomous modes. MGs improve
the stability, reliability, economic optimality and resiliency in
comparison with individual DERs and provide auxiliary ser-
vices for conventional distribution systems [1]-[3]. Although,
the need for improving security, reliability, sustainability,
flexibility and DER penetration level of individual MGs leads
to the solution of networking [3], [4]. If NMGs are operated

stably and optimally, they can propose many advantages to
local consumers and distribution systems.

NMGs can be constructed in various structures. AC/DC
MGs, AC/DC interlinking lines (ILs), interlinking devices,
type of networking, and control and communication methods
leads to different NMG structures [5]. Fully DC NMGs
networked by DC ILs [6], [7], fully AC NMGs networked
through AC ILs [8]-[11], and mixed DC and AC NMGs
networked through DC/AC ILs and DC-AC converters [12],
[13] or more complicated power-electronics devices [14] are
presented in the literature.

In order to interconnect AC MGs, BTBCs, circuit breakers
and static switches can be used as interlinking devices. circuit
breakers and instantaneous static switches are used further
in the literature that can only network AC MGs with same
voltages and frequencies [8], [10], [15]-[17]. In such NMGs
a synchronizing algorithm is required to interconnect MGs,
and power exchange can be controlled by changing droop
coefficients of primary controllers [8]. More flexible power
exchange can be achieved by networking AC MGs using
BTBCs [9], [11], [18], [19]. Moreover, independently control
of frequency and voltage of each MG [20], [21], power quality
improvement by reactive/harmonic power interchange control
[22], and integration of multiple AC MGs with different
nominal voltages/frequencies [18], [19], [21] can be addressed
for NMGs via BTBCs. In addition, several applications of
BTBCs for bidirectional power flow between MGs and the
utility grid are reported [23], [24].

Small-signal modeling (SSM) is a well-known method to
identify the small-signal behaviour of systems. SSM is em-
ployed for MGs performance and stability analysis as well
as controller design [25]-[28]. It has developed for NMGs
recently [10], [15], [16], [29], [30]. The small-signal stability

3925

quUp




‘E!/D/Wf Downloaded from https://iranpaper.ir

of NMGs with circuit breakers or static switches has been
analyzed in the literature [17]. Another stability analysis is
performed to study the impact of different interconnecting
points within a distribution network on NMG formation [10].
A parametric criterion for NMG stability is achieved by ap-
plying Lyapunov stability on the simplified droop-based NMG
model [31]. In contrast, a detailed SSM of PV-based NMGs is
proposed considering the dynamics of the PV controllers and
DER DC sides [16]. In [15], authors have presented a two-
layer, four-level distributed control strategy for NMGs, then
they have analyzed the impact of the proposed controller on
the stability. Similar work have been presented for a distributed
voltage control and power management of NMGs [30]. Only
stability assessment of NMGs with BTBCs refers to multiple
MGs connecting to the ideal main grid, where main challenges
of NMGs such as power sharing and voltage/frequency control
do not reveal [23].

This paper develops the small-signal modeling and stability
for BTBC-interconnected AC MGs, where BTBCs play a
significant role in NMG control and stability. Distinctive
features of this paper can be listed as: 1) in comparison with
presented methods in [15], and [16], a detailed SSM method is
proposed for NMGs, which can simply be generalized for any
number of MGs and interlinks by applying sysic function of
Robust Control Toolbox (RCT) in MATLAB. 2)The stability is
assessed using EVA and PM for two NMGs typically in order
to determine the frequency ranges of BTBC state variables.
3)In the proposed modeling and provided stability analysis of
the NMGs, BTBCs are included as interlinking devices, which
are not taken into account in the literature. 4) Most effective
state variables and corresponding parameters in the LFMs are
recognized, then acceptable ranges of the BTBC parameters
are calculated using SA to operate the NMGs robustly stable.

II. SMALL-SIGNAL MODELING OF NMGSs

Fig. 1 shows a general configuration of NMGs, where
are connected through BTBCs. To assess their stability, a
comprehensive model is needed.

The proposed modeling method for NMGs consists of two
main steps: 1) main modules comprising autonomous AC
MGs, AC ILs and interface BTBCs should be modeled in using
a state space representation separately, and 2) All intercon-
nections among modeled modules should be considered using
sysic function of RCT/MATLAB. The first step is realized
through Sections ILLA, II.LB and II.C. The second step is
accomplished in Section II.D.

A. Modeling of Autonomous MGs

Fig. 2 shows a typical autonomous AC MG in a general
form, which m DERs supply a common load located integrally
at the PCC through RLC filters and coupling lines. Each DER
is controlled by a three-stage cascade control including power,
voltage and current control loops. Algorithms where cascaded
organization of control loops are avoided to speed the dynamic
response [32]. All DER controls are coordinated by droop
characteristics. DERs are considered as VSCs, which can be
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Fig. 2. A typical autonomous AC MG including Power components: DERs,
power network and Load, and Primary control level: power, voltage and
current controllers.

modelled as dependent voltage sources using ideal averaging
model. The detailed model of an autonomous AC MG shown
in Fig. 2, is obtained by modeling all power and control parts
as following sub-sections.

1) DER Power Part: Dynamics of output RLC filter of VSC
can be given as follows:

XBp = ABpXPp + BppUpp + BEyUpy,

CppXpp+DppUpp + DpnUpy, ()

where X7p = [Adjy. Avl |7, the control input up. =
[AET Aw,, T, the disturbance input Uy, = i, . and the
matrices can be found in [33].

2) Power Network: The dynamic model of the m’th line
connected to the PCC, as shown in Fig. 2, is expressed as:

m
Ypp

odq ’

m _ lz m
Yod = — Lm Al +WmOAZ + ﬁAU
- Lm Upcc,d Zoq() Weoms
li
p R 1
S __ -1, li -m m
Nigy = — Wm0 i — m Aigy + LWAUOq
li li
- Lm Avpu, q odOchonm (2)

where Aw?’ . is the perturbed frequency form of the MG,,’s
common reference frame (CRF).
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3) MG Load: Expression of the dynamics of the RL load
of MG,, in dq frame can be found by applying KVL, and then
the state space is as follows:

Xwvrr = Ay X + ByUnirs
Yirn = Crin X + Dy Unirs

3

where Yy, = X7, = Adg, 0. and Uy = vBoc g4

4) Power Controller: The power controller for each DER
consists of a power calculator, low-pass filters (LPFs), w — P
and V; — @ droop mechanisms. Furthermore, the angle differ-
ence between the DER,,, reference frame with the CRF (6,,)
is considered as another state variable as follows:

Om = Om — 0, = / (Wm — Weom )dt, 4)

where 6,, and w,, are the voltage phase and frequency of the
DER,,, and 07, is the voltage phase of the DER;, which the

MG,,’s CREF is based on it. Hence, a state space representation
is given as follows:

Xpo = APcXPe + BEppUpBpp + BEcAwlym,
Yio = CheXpos &)
where X7 = [Ad, AP, AQn)TUppp =
Yip,andYpy, = [Awn Avg .. A6S,,]T. All matrices
can be found in [33].

5) Voltage Controller: By considering a PI controller, a
state space model for voltage controller can be given as [33]:

XPo = AP XVc + By U,
Yo = CveXye + DycUyc.

(6)

6) Current Controller: Similar to the voltage controller,
a state space description for the current controller can be
expressed as follows, which the details can be found in [33].

y m m m m ™m
Xoo =AbcXce + BécUle,
m __ m m m m
Yoo = CoeXée + DécUlc-

)

7) Common Reference Frame: Frequency interaction of
DERs should be considered by a CRF [10], [25], [34]. There-
fore, iy, should be transformed to the CRF and the inverse
transformation is needed for ’Ugcq dq- Both the transformation
and its inverse for linearized variables are as follows:

(8a)
(8b)

A’UDQ = TS.A’qu + T51.A9,
Avdq = T;l.AvDQ + T59.A0,

where AJ is the angle difference between the i’th reference
frame and the CRFE.

8) MG Interconnection and Complete Model: An intensive
MG model can be given using sysic function, which can
interconnect any number of DERs, coupling lines and loads.
The state space representation is obtained as follows:

n AN n n n
X = AvieXve + BueUnias
n . n n n n
Yire = Cvia X + DvicUnias

C))

umwlwu?,.

https://www.tarjomano.com/order]

where X7}, can be organized in any order such as
XDer
n o 1 2 m m m m
Xvie = Xpepr Xper - XPp XpPe XVe Xle

Xpr Xpp - XPy Xipl"

and it consists of 13m + 2 state variables for the MG structure
shown in Fig. 2, where m is the number of DERs/lines. The
current of all ILs to MG,, are as the input i.e. Uy, =
[i77 g -+ 17%.4,)" and the MG,, impact on the overall model
of NMGs can be considered as Yy = [Awg,,, Avp.. 4,]- The
matrices can be calculated using module models, considering

their interconnections and employing sysic function.

B. Interconnecting Line

The dynamics of interlinking lines are completely similar
to the dynamics of the internal MG RL lines (2).

C. Back-to-Back Converter Modeling

In order to control power flow among AC MGs, BTBCs
are used. Fig. 3(a) shows the block diagram of the BTBC
control. The detailed model can be found by modeling all
parts including LCL filters, common DC link, power and DC
voltage controllers as well as PLLs. Then, the interconnections
should be considered using sysic function.

1) AC Side: Fig. 3(b) shows the circuit model of the BTBC
power part. Each AC side of the BTBC comprises an LCL
filter, which its dynamics are presented in (1).

2) DC Side: The currents drawn from AC sides in order
to form the dependent voltage sources, i.e. ', and Ef,, are
modeled by current sources shown in Fig. 3(b). In addition,
the DC line is modeled by a resistor in the BTBC DC side.
By considering the capacitor voltages as state vector X e =
[Avi, Avl |, and control inputs Ug,. = [AIL ATL]T, A
normal linear state space representation can be obtained with
following matrices:

1 1
.. T RC1 REC
LY de~de dede
ABdc = |: 1 __ 1

€q eq
RyeCac RyeChc

5 Roe 1 Ty
Bgdc = Rac i J Fac ’
~Bge Hge g
Rdc Rdc

where Ry} = RY. + R’ + R}, and Cy,. = L.
3) Dependent Current and Voltage Sources: These sources
are as transformations from AC/DC side to DC/AC side as

follows:
Eg = (1/2)mg,,

(10)
(1D

where P/, is the produced AC power of VSC; and m; is the
PWM control signal shown in Fig. 3(a). By linearizing (10)
and (11) the transformations can be calculated as follows:
AIZC’ = T(ic/dc[ Avfic AE‘édq Aiifc,dq ]T
]T

’

AE‘édq = Ttﬁc/ac[ Avjic Amfiq ) (12)
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Fig. 3. Interlinking back-to-back converter: (a) control and operation block diagram, and (b) power part averaging model.

where
t;c/dc = 27)(21 0 [7§IlCO ELCdO EZCqO Z;"c,do Z}c,qo}’ (13)
c
. L[ mb o 0
% _ = d0o dcO )
de/ac — 2 Tn‘f]() 0 Uéco :| . (14)

4) Power Controller: Similar to the PI current controller
model of DERs, i.e. (7), a state space model for the power
controller of the BTBC can be expressed.

5) DC Voltage Controller: In addition to the current con-
troller, which can be modeled similar to (7), the VdjC controller
is modeled with one state variable as follows:

v _ Rl J
XDVC - BDVCUDVC7

5)

J _ J J J
Yove = CpveXpve + DoveUpve:s

X%VC is the : output, U{,VC =
Avilc’YgVC Al;ecfd]ngvc KiDVCﬂC%)VC
[2/3U,Z}"c,d 0]" and Dy = [QK;?VC/:SU}C,CJ 0"

6) Phase-Locked Loop: Two PLLs are needed to synchro-
nize AC sides with the MGs through ILs. Fig. 3(c) displays
the PLL structure. PI integrator output is considered as state
variable. Another state variable is as 0% = 0% — 0¢ . to state
all BTBC AC side dynamics into the correspondmg CRF,
e.g. VSC; dynamics into MG; CRE. Hence, the state space

representation is as follows:

where integrator

X;u = ApllX u+ BpllU;llv
You = CpllX 10 (16)
where U? = [Av}mc}q Awl 1Y, p,l = [Awl ASL)T
;[0 o] . [EM 0 Z-_1T
pll — 1 0 s Ppll — Kpll -1’ pll — 0 ’
Dy, =[ KB 0.

7) Complete Interconnection of BTBC Modules: The over-
all state space of BTBC;; model is given as follows:
Xy = AZXY + BRUY

Y =CYXd + DIUY, (17)

where X3
variables as

is a 21 x 1 vector, including all BTBC state

i _ i i xd xd i j
Xp = [XBP Xch XBcc XDVC XPLL XPLL]7

ij i 1] 1
and Uy = [Avp.. 4, AzIL’qu ee.dg DL dg Awly Aw
= [AU}CM Av}, 4 AV} AdY A(%J and the matrices

can be calculated analytically using sysic

com LO’"L]

unction.

D. NMG Interconnection via BTBCs

The NMG model can be comprehensively represented in a
homogeneous form as:
Xvme = AvucXnue (18)

where X y7¢ can be expressed as

MGs ILs BTBCs
1 i J i.J T
— n g ()
Xnne = [Xe oo Xa o X2 XY ]

It includes (13m + 2)n + 2p + 21q state variables, where n, p
and ¢ are the number of MGs, ILs and BTBCs respectively.
AN can be calculated easily for interconnecting the desired
number of components using sysic function.

III. SIMULATION RESULTS

In this section, two NMGs through one BTBC are simulated
in MATLAB software. The structure of all MGs is as shown in
Fig. 2. Electrical and control parameter values of the simulated
systems are presented in [35].
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Fig. 4. Sensitivity analysis output for the BTBC voltage controller parameters:
0.1 < KPVC <200, 1 < KPVC < 4000, and R4 = 0.

TABLE I. PARTICIPATION MATRIX FOR BTBC DC SIDE AND
CONTROLLER

Dynamic modes

State variable ~ A\o3 = —16667 A70 = j1.05 A7 = —51.05
AXge1 0.5 0.249 0.249
Adeo 0.5 0.249 0.249
AC 0 0.499 0.499
Other 0 <0.003 <0.003

A. Sensitivity Analysis

1) BTBC DC side and voltage controller: Table I shows the
participation factors for this case. The non-dominant frequency
mode is only impacted by the DC power parameters. However,
the dominant LFMs are related to both power and control parts
of the DC link as well as the current controller. Fig. 4 indicates
the trajectory of A7g 71 for changing the DC voltage controller
parameters as 0.1 < KPDVC <200 and 1 < KPVC < 4000.
As a general result, the KIPVC increase results in the low
stability improvement and K”V¢ increase leads to reduce the
oscillation damping. In order to maintain stability, the Kf ve
must be chosen larger in relation to a larger KV,

2) BTBC PLLs: Fig. 5 shows the loci of BTBC PLL
affected eigenvalues for changing parameters as 0.01 <
KPF < 1and 0.1 < K'*F < 5. In accordance with two
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Fig. 5. Sensitivity analysis output for the BTBC PLL parameters: 0.01 <
KPLL < 1and 0.1 < KPLL < 5.
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Fig. 6. Two Networked MGs: (a) DER and PLL frequencies, (b) DC voltage
of BTBC, (c) active powers of DERs, (d) reactive powers of DERs.

oscillatory modes one can conclude: 1) the K/"“* increase
leads to improve the stability boundary, although decrease the
oscillation damping for all values of K7L, 2) Very low values
of Kf LL cause instability, which their amounts increase by
increasing the KL, This means that the difference between
KPLL and KPLL values do not be very large. 3) The
KPEE increment causes instability for a low range of K z}: LL,
In accordance with the non-oscillatory mode, the stability
improves by decreasing K )'“* and/or increasing K""%. This
mode stays stable even for large values of PLL parameters.
Therefore, an acceptable range of the PLL parameters can be
found as 0.2 < KJ''* < 0.7 and 0.5 < K" < 2 in order
to satisfy a degree of robust stability and as well as a specified
value of oscillation damping (¢ = 0.1 [36]).

B. Time Domain Simulations

Fig. 6 illustrates a number of results for the two NMGs,
where the MGs are isolated until ¢ = 0.5 s. Both of them
are connected at t = 0.5 s with K712 = 0.5 to exchange
800 W from MGy to MGy, which results in a stable two
NMG operation. The K/FE2 is increased to 2.5 at t = 2
s. According to Fig. 6(a), DER and PLL frequencies indicates
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a slow instability due to exciting correlated LFMs to the
BTBC;2 PLL shown in Fig. 5. Although instability is larger in

FME2 due to changing the related parameter, it can be shown

in other frequency waveforms with a lower peak. The impact
of frequency instability on the DC link voltage can be seen in
Fig. 6(b), which it , in turn, spreads the instability to MGj.
Fig. 6(c) and (d) show MGy support for MG; until £ = 2 s,
then the instability.

IV. CONCLUSION

The smal-signal stability of MGs networked through BTBCs
has been investigated in this paper. A detailed, comprehensive,
and generalizable small-signal model is developed using sysic
function of Robust Control Toolbox/MATLAB. BTBC-NMGs
are identified based on dynamic modes, specially the LFMs
using eigenvalue analysis and participation matrix. In addition
to previous studies stating droop gains as the most effective
parameters on the LFMs, the BTBC parameters are introduced
as the important participants in the LFMs. The DC voltage
controller and synchronizing PLL parameters have remarkable
impact on the NMG stability and can unstable the NMGs for
certain reported values.
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