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Interconnected Autonomous AC Microgrids via
Back-to-Back Converters—Part I:
Small-Signal Modeling

Mobin Naderi
Qobad Shafiee

Abstract—In this article, a set of autonomous ac microgrids,
interconnected by back-to-back converters, is taken into account,
where they are supplied fully using voltage source converter-based
distributed energy resources. A comprehensive and generalized
small-signal model of the interconnected autonomous microgrids as
a large-scale system is proposed using the interconnection method.
The modeling is based on detailed module models to show the
impact of each module on the dynamic modes, especially the dom-
inant critical modes. It is generalized and scalable due to separate
modeling of modules as well as using unlimited and expandable
interconnecting. The proposed interconnection method deals with
all electrical and control connections between individual modules
including feedback, feed-forward, augmentation, and the order
of module inputs and outputs. The model is validated employing
Prony analysis method and using output results of an OPAL-RT
real-time simulator. Using the proposed modeling method, the
small-signal stability analysis and controller design can be realized
simply for interconnected microgrids with any number of micro-
grids and different structures. Typically, for two interconnected
microgrids, all dynamic modes and participant state variables
in different frequency ranges are identified using the eigenvalue
analysis and participation matrix in MATLAB.

Index Terms—Back-to-back converters, eigenvalue analysis,
interconnected ac microgrids, small-signal modeling, state-space
representation.

I. INTRODUCTION

NDIVIDUAL microgrids (MGs) are independent units of
modern power grids, which integrate distributed energy re-
sources (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.
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MGs improve the stability, reliability, economic optimality, and
resiliency in comparison with individual DERs and provide
auxiliary services for conventional distribution systems [1]—[3].
However, the need for improving security, reliability, sustain-
ability, flexibility, and DER penetration level of individual MGs
leads to the solution of networking [3]. If interconnected MGs
(IMGs) are operated in a stable and optimal manner, they
can give many advantages to local consumers and distribution
systems.

IMGs can be constructed in various structures. AC/DC MGs,
ac/dc interlinking lines (ILs), interlinking devices, type of in-
terconnecting and control, as well as communication methods
lead to different IMG structures [4]. Fully dc IMGs intercon-
nected by dc ILs [5], [6], fully ac IMGs interconnected through
ac ILs [7]-[12], and mixed dc and ac IMGs interconnected
through dc/ac ILs and dc—ac converters [13] are presented in
the literature. AC MGs are more taken into account due to
their challenges in voltage and frequency controls, both active
and reactive power exchanges, and the correspondence with the
present ac distribution networks, which can be clustered into ac
IMGs and form a new operating IMG mode.

In order to interconnect ac MGs, back-to-back converters
(BTBCs), circuit breakers (CBs), and static switches can be used
as interlinking devices. CBs and instantaneous static switches
are used as interlinking devices in [7], [8], [10], [12], [14]-[16]
that can only network ac MGs with the same nominal voltages
and frequencies. In such IMGs (named by CB-IMGs), a syn-
chronizing algorithm is required to interconnect MGs. Power
exchange/sharing can be controlled by changing droop coeffi-
cients of primary controllers [7], adding a signal to secondary
controllers [12], [15], or employing hierarchical control [14].
More flexible power exchange can be achieved by networking
ac MGs using BTBCs [9], [11], [17]-[19]. Moreover, inde-
pendent control of frequency and voltage of each MG [18],
[20], power quality improvement by reactive/harmonic power
interchange control [19], and integration of multiple ac MGs
with different nominal voltages/frequencies [17], [18] can be
addressed for IMGs via BTBCs (called BTBC-IMGs). In ad-
dition, several applications of BTBCs for bidirectional power
flow between MGs and the utility grid are reported in [21]
and [22].

Small-signal modeling is a well known method to understand
the behavior of systems around an equilibrium point. It is en-
gaged for autonomous MG performance and stability analysis
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as well as controller design [23]-[28]. In the case of IMGs,
the presented small-signal models are generally an expansion
of [23]. A special configuration of MGs is considered in [9],
in which any MG has a STATCOM to be coordinated with
the power-exchanging BTBC. Then, an eigenvalue analysis
and a robust distributed controller design are done based on
the small-signal model, while BTBC modeling has not been
addressed. Another modeling of BTBC-IMGs refers to multiple
MGs connected to an ideal main grid, where a lower challenging
structure of IMGs is concerned with respect to the grid-isolated
IMGs [21]. A detailed small-signal modeling is developed for
CB-IMGs and is simplified using a truncation-order reduc-
tion model [10]. Another detailed model for fully PV-based
CB-IMGs is obtained in order to find oscillating modes and
increase their damping [15]. An aggregation-based simplified
model was presented recently, which finds a reduced-order
model for CB-IMGs in low-frequency and medium-frequency
dynamics [29]. More CB-IMGs are analyzed in order to define
suitable range of electrical and control parameters such as inter-
linking line length and droop gains [10], [15], [16], [30], as well
as to analyze power exchange control performance [12], [14],
[31].

This article develops an easily generalized small-signal mod-
eling method for BTBC-IMGs in the absence of a stiff main grid.
Distinctive features of this article can be listed as follows.

1) Unlike all existing modeling methods for IMGs, a detailed
comprehensive method is proposed, which is simply gen-
eralized for any number of MGs and interlinks by applying
the interconnection method.

2) In the proposed interconnection method, each module is
modeled separately by a state-space representation, then,
its connections with other modules are considered in the
input and output. The interconnection process will be
completed without any analytical calculation and merely
using valuable functions of Robust Control Toolbox
(RCT) in MATLAB, which strongly decreases calculation
burden/error.

3) Opposed to the existing method in [14] and [15], which
needs many substitutions to obtain interconnections be-
tween modules, the proposed interconnection method is
much simpler in calculation due to computing all electri-
cal and control connections between individual modules
employing RCT functions. Therefore, the overall IMG
modeling is facilitated even for large ones.

4) In the proposed modeling method for IMGs, the BTBCs
are included as interlinking devices, which are not taken
into account in the literature [9], [10], [12], [14]-[16],
[31].

5) Similar to some validation methods for power sys-
tems [32], [33], the proposed interconnection method
is validated using Prony method, which compares each
state variable with its waveform simulated in OPAL-RT
real-time simulator.

6) Impact of the most effective state variables and corre-
sponding parameters on the dominant modes of IMGs
are recognized, which will show a remarkable effect of
BTBCs on the IMG stability.

The rest of this article is organized as follows. An overview

of the control structure and requirements is addressed in
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Solid line:  Electrical connections
DER: Distributed energy resource
MG: Microgrid

BTBC: Back-to-back converter
CB: Circuit breaker

IL: Interlinking line

Dotted lines: Communication links
VSC: Voltage source converter
PCL: Primary control level

SCL: Secondary control level
CCL: Central control level

GCL: Global control level

Fig. 1. AC interconnected microgrids using back-to-back converters, dc and
ac interlinking lines for physical interconnection, and the four-level hierarchical
control for control interconnection.

Section II. Section III presents a comprehensive modeling
method for BTBC-IMGs, including modeling of individual
MGs, ILs, BTBCs, and their interconnection. In Section IV, the
proposed method is validated using Prony analysis and OPAL-
RT real-time simulator. Eigenvalue analysis results are reported
in Section V. Finally, the conclusion is given in Section VI.

II. CONTROL STRUCTURE AND REQUIREMENTS

Fig. 1 shows a general structure of ac IMGs, including
autonomous MGs, ac and dc ILs, and BTBCs as the main
components. The MGs may have different structures with any
number of DERSs, loads, and lines, which are interconnected
using BTBCs, and ac/dc ILs.

The four-level hierarchical control presented in [1] is con-
sidered here to take the control responsibility of MGs in both
individual and interconnected operating modes. The primary
control level (PCL) comprises decentralized droop controllers
implemented for each DER cascading with inner voltage and
current controllers. The vital objectives of voltage/frequency
stability, active/reactive power sharing, and current limiting
are fulfilled in the PCL. The secondary control level (SCL) is
mainly responsible for voltage/frequency restoration and power
sharing improvement. However, some ancillary objectives, such
as power quality improvement, may be done in the SCL. The
most common architectures for the SCL are centralized and
distributed types, where communication links are used to share
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the data among DERs. The central control level (CCL) provides
the supervisory MG capabilities, e.g., grid connecting and load
shedding. The high-level energy/power management is done
in the global control level (GCL). The optimal power flow
among IMGs or among individual MGs and the main grid is
accomplished in the GCL by communicating the production and
consumption data of all participants.

In this article, the PCL is applied to each DER, which is the
only active MG control loop during a small-signal disturbance.
In fact, The SCL is considered to act after the primary con-
trol [28], [34], when the dynamics of the disturbance and the PCL
are finished. Therefore, the SCL dynamics are not considered.
Moreover, since the CCL functions, e.g., emergency control, are
not of interest to be studied here, except the coordination control,
they are not included. Nevertheless, the impact of SCL and CCL
dynamics on the IMG stability can be studied in future works. In
the IMG operating mode, the GCL role can be divided into two
parts: 1) an optimization process based on the communicated
data and 2) sending set points to control units including the
CCLs and BTBCs as shown in Fig. 1. The first duty is outside
the scope of this article, while the second one is considered to
be well established. It is due to the fact that the GCL time-scale
(minutes to an hour) and the CCL timescale (a few minutes)
in sending set points are separated from the desired dynamics
(seconds or fraction of a second). In other words, the CCL and
BTBC set points sent by the GCL and the set points sent from
the CCL to the downstream controllers are permanent during
small-signal disturbances.

It is noteworthy to mention that the coordination among all
IMGs and BTBCs is according to the GCL set points. Let us
assume that a power shortage is reported to the GCL by MG;
in a specific time span. The amount of power flow to MG, the
number of BTBCs and MGs involved, as well as MG commit-
ment are determined by the optimal power flow management
in the GCL. Hence, the GCL set points sent to all control units
result in a coordinated operation for IMGs. Communicating the
data in all levels is considered ideal, i.e., without dynamics.

The grid-connected mode is not considered in this article
in order to focus on the stability analysis of the weak MGs
interconnected by BTBCs. In addition, the IMG operating mode
can be a new flexible mode, which needs to be studied in terms
of stability, control, reliability, and resiliency.

III. SMALL-SIGNAL MODELING OF
INTERCONNECTED MICROGRIDS

A. Interconnection Method for Interconnected Microgrids

The schematic of ac IMGs in a general form is shown in Fig. 1.
In order to have a comprehensive and easily generalized model
of IMGs, similar modules are modeled in the same format. Then,
the modeling process is divided into two main steps: 1) modeling
of each module separately and 2) interconnecting all the modules
using the interconnection method.

Fig. 2 shows the modeling process including both steps. The
main modules consist of islanded ac MGs, ac ILs, and BTBCs.
DCILs are modeled as a part of BTBCs. Once all M modules are
modeled separately in the first step, the interconnection method
is applied to interconnect them in the second step. Fig. 2 is
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Fig. 2. Process of the proposed interconnection modeling method including
two generic steps—modeling of each module separately and interconnecting all
modules.

also a guideline for the interconnection method presented in
Section III.

In the interconnection method, each module, i.e., an MG, a
BTBC, or an ac IL is represented individually by a state-space
model. The connections with other modules as shown in Fig. 1,
typically for MG;, MGy, IL;;, IL;; and BTBC,;, are considered
in the model input/output. The interconnection process can be
completed without more analytical calculation and only using
RCT functions in MATLAB, which strongly reduces calculation
burden/error. The RCT functions facilitate interconnecting a lot
of subsystems in order to model large-scale systems, e.g., IMGs.

In the case of IMG modeling by the interconnection method.

1) Any number of separated modeled modules are trans-

formed to system matrix form using pck function and are
considered as subsystems using systemnames function;

2) All inputs to the modules are specified using input_to

function;

3) The desired inputs and outputs for the overall model of

IMGs are specified by inputvar and outputvar functions;

4) The overall model of IMGs is calculated by sysic function;

5) Finally, it is transformed to the state-space representation

by the unpck function to be used in eigenvalue analysis.



NADERI et al.: INTERCONNECTED AUTONOMOUS AC MICROGRIDS VIA BACK-TO-BACK CONVERTERS

|
. } Power Network
T i
(a)
| MG,, Primary Control |
i DER; Co.ntrol i
| .. \
} DER,, Control }
} Power Controller }
} m Power Calculation |”»|| LPF |F,| Droop Char. O >H,>g }
} l"j‘f) Dy = v"’,i”’ i > o, ™ o, =o,-m,P, ) T }
g PO Rl g R g P A e B
| 1]
i Cu:rent Controller Voltage Controller g i
\ Voa iy \
| < |
| |
\ [
\ \
| \
| \
\ [
i | A ( <®,L, € \
| \
i : , |
| ;

Fig. 3. Typical autonomous ac microgrid: (a) power part modules including
voltage source converters, RLC filters, coupling lines, and an integrated load and
(b) primary control modules including power, voltage, and current controllers.

The details of the RCT functions in the general process of
interconnecting the subsystems are presented in [35].

Thus, modeling of any number of ac IMGs with different
structures can be realized only by interconnecting the modules,
i.e.,MGs, BTBCs, and ac ILs using the proposed interconnection
method. Moreover, the interconnection method is used within
modeling of each main module to further facilitate overall IMG
modeling.

B. Modeling of Autonomous Microgrids

In this article, a uniform structure is considered for islanded
MGs due to the ease of MG formulation expression and to focus
on the IMG modeling. As shown in Fig. 3(a), the structure
contains the basic elements of ac MGs, including DERs, RLC
filters, and lines. All DERs are assumed as ideal averaging
modeled voltage source converters (VSCs) and a droop-based
primary control is considered to share power among them as
shown in Fig. 3(b).
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1) DER Power Part: According to Fig. 3(a) and using circuit
laws, Park transformation, and Taylor series-based linearization,
the governing dynamic on the DER,,, power part, including the
ideal voltage source and the RLC filter are modeled as follows:

Aifi = —(Rpm/Lpm) Aify + wolif? — (1/Lgm) Avly
+ (1/Lgm) AET + ijgoAwnm
Air = —wolipy — (Rpm/Lm) Aijt — (1/Lgm) Av
+ (1/Lym) AE — i3 Awp,
Adgy = (1/Cpm) ifg + woAvgy — (1/Cm) Aigg + vge0 Awm
AR = (1/Clp) ij7 — woAvD — (1/Cri) Ail — v Awpy
()

where E7* and E(’I" are the dg-components of F,,, O indicates a
variable value at the equilibrium point, and other parameters and
variables are specified in Fig. 3. A state-space representation of
(1) can be given as follows:

Xpp = AppXpp + BppUpp + BpnUpy

Ypp =CppXbp + DppUpp + DEnUpy 2
where X7p = [Aify, Avig "

odg| - the control input Upp =
[AEZ: Awn, 7,

the disturbance input Up'y, = Aigg,, BEy =
02 — (1/CP)IL]", CFp = L1, DEp = 04x3, DEy = a2

[ —R7p /LY wo -1/p 0
m —wy  —Rp/LP 0 —1/L7
bp 1/Cp 0 0 wo
0 1/cp —wp 0
/Ly 0 i
0 1/Lp —in
Bise = b
0 0 Vg0
0 0 —v00

2) Power Network: Although any type of MG power network
can be considered, here, a common one, including linking lines
from DERS to the point of common coupling (PCC), is assumed
[see Fig. 3(a)]. The dynamic model of the mth line of the power
network is expressed as follows:

Aily = — (R} /L) Aily + woigy + (1/Lj}) Avly
— (1/LE) Avgee,a + g0 Acom
AiLZ = —woligpy — (R /L) Nigy + (1)L} ) Avy,
— (1/L45) Avpee g = TogoAWeom 3
where Aw(,, is the perturbed frequency form of the MG,,’s

common reference frame (CRF), which is explained in
Section III-B7. Equation (3) is represented in a state-space form
as

Xpy, = ArszXgLL + BipUlp + BrpULp + Br, UL,
1;72 — CT” (4)

m m mo __ m m m
where Xp, =Yg, —Azod U Avpcq7dq,ULD =Ypp,
= Aw2 ., and matrices can be found using (3).

3 ) MG Load: In this article, an integrated series RL load is
assumed for each MG. Hence, the relationships for the MG,, load
dynamic in dq frame are similar to (3) and can be represented
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as a state-space model
n AN n n n n n
X = Avie X + BuneUniie + ByieUsiee

YirL = ChinXare ®
where X7, = Yy, = Aijg, 49 Usie = AWeom, Unip =
Avg. 44+ and all matrices can be easily calculated.

In the case of more loads and different power networks, (4) and
(5) should be found for all lines and loads. Then, their connec-
tions can be realized by the method proposed in Section III-BS.

4) Power Controller: As shown in Fig. 3(b), the power con-
troller of each DER consists of a power calculator, two low pass
filters (LPFs), and w — P and V; — @) droop characteristics. The
droop characteristics are proportional controllers. Therefore, in
order to find the small-signal model of the power controller, it is
sufficient to consider the dynamics of LPFs and the integrator of
the local voltage phase (6,,,) producer. According to the reason
presented in Section I1I-B7, the angle difference of the DER,,,’s
reference frame from the CRF (4,,) is considered as a state
variable instead of the 8,,, that is calculated as follows:

5m - 9m - eg)m = /(wm - com) dt (6)

where w,, is the DER,, frequency and 07, is the voltage phase
of the DER, which the MG,,’s CRF is based on. Consequently,
a state-space representation is deduced as

X?’@C = m XPC + Bm Um +Bcomchom
YITC = C'PC’)(PC' (7)

where X2 = [AS,, AP, AQ.T,UR. =[Y5, YA T,
Ype = [Awp, Avg(;,ref A(Sm]T,BZ?C = [Bppp BPprl and

0 —mr 0 0 0
Po=10 —we 0 Bppr = | wejgy  Welheo
| 0 0 —We —Welggo  Welpdo
00 0 0
Bepp= | 0 0 weilyy Welpyo
0 0 wet qu —welnho
[0 —m? 0
cpo— |0 0 T | o ~|-10 O}T.
0 0 0 o
1 0 0

5) Voltage Controller: Any DER in an autonomous MG has
a voltage controller in order to regulate its output voltage.
The d-component reference is received from the V; — @ droop
characteristic and the g-component reference is set to zero.
Therefore, by considering a PI controller, as shown in Fig. 3(b),
and considering the output of the integrators as the state variables
(X7’-), a state-space representation can be given as

X{o = chxTc + BycUye
‘71/6’ — CTVL + DTVL U”’L (8)

where UVl = [VEp YEu|” ’Y% = ijgq, Al = 02,V =
Iy, Byc = [Bype Bipc): Dy = [Dipp Dipc|- The subma-
trices are B\%P = [02 — KivIQ],B\%C = [02><1 KivIQ 02><1L
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6) Current Controller: A dq-frame PI current controller for
DER,,, is shown in Fig. 3(b) in relation with the MG,, pri-
mary control. By considering the outputs of integrators as state

variables (X ) and applying block diagram relationships, the
state-space model of the current controller is represented as

ceXdée + BécUde

Yoo = CoeXee + DecUclc ©)
where UZ, = (Y Vit Awn T, Ve = mip, Al = 0,
Céc = I, Blic = [Bépp B&c Blecl, and DEc = [Dipp
D%y D@c]. The submatrices are Bpp = [—K;l2 02,
B&ye = Kiila, Bipe = 02x3, Diye = Kpilz, Dépe =
[— L, L}"/i{go], and

L —
DVPC -

o
XCC_

10
0 1

_Kpi
QJ»,”()L}H' _Kpi

m
DM — _wm()Lf
CDhpP —

7) Common Reference Frame: The DER frequency refer-
ences are produced independently as shown in Fig. 3(b). Though
the frequencies are equal in stable steady-state operation, their
dynamics can be different. Therefore, a CRF should be consid-
ered to model DER frequency interactions [10], [16], [23]. For
this purpose, the following five steps are necessary.

a) One of the DER reference frames should be considered as
the CRF. In this article, the reference frame of the DER; of each
MG is considered as the CRF.

b) A is determined as a state variable of each DER, which
is realized in the power controller (see Section III-B4).

C) Weom 18 used in the modeling of passive modules without
self-produced frequency, such as loads and power networks.

d) The output variables of each individual reference frame to
the modules, which are stated in the CRF, should be transformed
to the CRF and vice versa. For instance, the Ugqu is stated in the
individual mth reference frame as an input to the power network,
which is stated in the CRF. Hence, v, should be transformed
to the CRF. Similarly, the inverse transformation is needed for

iodq- Both the transformation and its inverse in a perturbed form
are as follows:

Avpg = Te-Avay + T51.AS (10a)

Avgy = T Avpg + T2 . A8 (10b)

where vpg and vg, express variables in CRF and individual
frames, respectively, and

[cosdy  — sin &g
T, =

|sindy  cosdo

— (vgo sin dp + vy0 cos dp)
Ts1 = )
Vgp €OS 0y — Vg Sin do
—Vdo sin (5(] + Vq0 COS (50
Tso = . .
— (vgo cos dg + vg0 sin dp)
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e) Since the MGs are interconnected by BTBCs, where the dc
links make the MG frequencies independent, individual CRFs
should be considered for MGs.

8) MG Interconnection and Complete Model: In order to
find an inclusive state-space representation for each MG, all
partial module models presented in previous sections should be
interconnected. The input and output of each module is specified
and their interconnection should be based on the MG structure
in each case.

According to Fig. 4, the interconnected loops of DER,,’s
control and power parts are completely modeled by (2) and
(7)—(9). On the other hand, the DER power part, the power
network, and the load are correlated based on (4) and (5).
’U;;LCQ g 35 @ disturbance input in (4) and (5) leads to a lack
of solving all differential equations independently. Therefore,
a virtual resistor r, is considered at the PCC,,, which results
in the complementary relation to the system equations, i.e., (2),
@), (5), (7)—-(9). Employing KCL at the PCC,, gives

pychq,dq = Z RVZ’(];:dq + Z Rvi?i,dq - Rviﬁy,dq (11)
k=1 =1
where Ry = ry Iz and z}’lL dq 18 the current of /th IL connected to
the PCC,, shown in Fig. 3(a). Equation (11) should be obtained
for all coupling point voltages in the case of multiple coupling
points between the MG and ILs.

An intensive generalized MG model can be given according
to Fig. 4, which shows the interconnections of all MG modules.
Each MG with any number of DERs, lines, and loads can be
represented as a state-space model

n _An n n n
X = AvieXne + BuaUnia
n  __ rm n n n
Yiie = Cric X + DvicUnia

n L
where X}, can be organized in any order such as

(12)

m
XDER

X;\L/[G = [XéER X]%ER XgD XITC X{/nc ch

1 2 T
Xpr, Xpr - XPr Xl
and it consists of 13m + 2 state variables for the MG structure

shown in Fig. 3(a), where m is the number of DERs/lines. All IL
currents to the MG,, are the inputs as Uy = [i71 4o+ - 173 aq]”

bl

All power and control interconnections of the proposed generalized modeling for nth autonomous ac microgrid.

and the impact of the MG,, on the overall IMG model can be
considered as Yyj, = [Awg,, AvP ;|7 Finally, the matrices
can be easily calculated using module models, their interconnec-
tions shown in Fig. 4, and employing the useful RCT functions

in MATLAB.

C. Modeling of Interlinking Lines

The ILs are modeled as series RL branches as shown in
Fig. 1 due to their low/medium length. The current direction
is considered to be from BTBCs to MGs for all ILs. In addition,
their equations are presumed to be expressed in the CRF of the
connected MG. Since the dynamics are completely similar to
the dynamics of the internal MG lines, (3) can be rewritten and
a state-space representation for IL;; can be derived as

cid Ayt ij ij ij 7rid
X, = A X7 + BiimUiim + BiigUiis
i ~ij yid
Y, =CrnXrn
gy A iJ ij iy
where X7 =Y, = AZIL7dq7 Ui = AUfcv Uinm = [A
i T g _ ij
Awgo]” s and By = (1/L7}) 12

13)

i
Upee,dg

_ i
o RIL Wl
- Lij comO
g
Afp = g
0 _ ML
Weom0 Lij
L IL
-1 g
1]
- i 0 'IL,q0
BY = IL
ILM -1 y
1 ~'IL.do
L IL

D. Back-to-Back Converter Modeling

According to Fig. 5(a), a BTBC can be controlled by two
controllers in order to exchange power between two ac MGs.
The power controller receives the active and reactive power
references from a higher level controller, which is the GCL here,
and tries to exchange scheduled powers by controlling the VSC;
current. On the other hand, the dc voltage controller stabilizes
the dc side voltage (V) by controlling the VSC; current. In
addition, two phase-locked loops (PLLs) are required for the
VSCs to synchronize with the MGs. In addition, the power part



4734

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 35, NO. 5, MAY 2020

P,‘sti/‘ Vsc vsg, Pj,',Q,,' ) Avﬂ dq Aa)B Al[L \dq
Vie i i DCLine il Vs
1 | | RL Y J J_ ) } RL [ ® ACij Side
] |Filter[ & T de ‘IJ‘T J Flltcr\ Eq. 14
i
i ; i
Vie.dg e dq
i Power Controller
Current Controller
i i .
lfeg Vieq 1 ’;L,q 7 Ji
acldc
(a) Eq. 18
AC; Side DC Side , AG;Side
ij Li .i Ri 2 (_‘ 7 C/ R J L’ -ij
i £ g fo < lLdr R/, —> fe lr fe Ly

E

i ct
Vi fe ©

Fig. 5.

comprises two ac sides and one common dc link. A precise
dynamic model of a BTBC consists of ac and dc sides, power
controller, dc voltage controller, and PLLs.

1) AC Side: Fig. 5(b) shows the circuit model of the BTBC
power part. Each BTBC ac side is an RLC filter, where its
dynamics are presented in (1). Hence, a similar representation
to (2) can be given for the BTBC ac side as follows:

XBac = ABacXBac + BBaclUBacl + BBac2UBa02

Yiae = CpacXBac (14)
where Xgac = Yéac = [Ai’j‘c,dq A/Uj’c,dq] UBacl [AEqu
AWL|T UL, ., = ATV, aq» and the matrices are

;C/Llc wiBO 71/L7‘c 0
Al 7(‘]7;30 —R; c/Lic 0 71/Lic
Bac — . ’ .
1/0}0 0 0 wWho
0 1/0}C —wiBO 0
- 1 p -
Y ea
fe
. 0 1 it . 02
B wel = Li " fe,d0 | BY aca = )
e I A e R (Y
0 0 Ve q0
L 0 0 _”?c,do_

2) DC Side: The currents drawn by ac sides in order to form
the dependent voltage sources, i.e., EZC and E,, are modeled by
current sources /. ZC and [, ]C shown in Fig. 5(b). In addition to the
VSC’s capacitors and series resistors, the dc line is modeled by
aresistor in the BTBC dc side. One can easily find a state-space
representation as follows:

j j j
XBdC - ABchBdc + BBchBdc

Yéjdc Bchgdc (15)

Interlinking BTBC: (a) control and operation block diagram; (b) power part averaging model; and (c) power part interconnection.

ACji Side
N Eq. 14

Ai

IL,dgq

7 )
Avy, 4 A0},

©

where X7, = [Av}, AvL)T,Upy. = [AIL ATL]T, and
[y mcy)
ABgdc =
ymgcy) 1/ (Recy,)
s [mR =1~ (RL/R)
Bgee = ) . S
| (BB (RG/RG) -1

where RS = R}, + R} + Ry, and C,. = I».

3) Dependent Current and Voltage Sources: As shown in
Fig. 5 (b), these sources are transformations from ac/dc side
to dc/ac side, which correlate both the sides as follows:

I = P,

E¢ = (1/2)mivge (16)
where P, is the produced ac power of VSC; and m; is the
pulsewidth modulation (PWM) control signal shown in Fig. 5(a).

By linearizing (16), the transformations can be calculated as
follows:

Al = Tac/dc[Avéc AE’qu Alfc,dq]

AEZqu = lec/ac [A’Uéc Amtliq ] g (17)
where
i 3 2 i i s .
ac/de — 2”51@0 —glco E¢ a0 ECqO L¥e,do Ye,q0 (18)
. m’ v 0
T(;C/(I.C = % jo e0 i (19)
Mg 0 Vg

4) BTBC Power Part Interconnection: In order to simplify
the BTBC modeling, the power part interconnections among
ac and dc sides and independent voltage and current sources
are fulfilled before the control modeling. Fig. 5(c) displays this
interconnection, which consists of the BTBC power modules
and their interconnections with each other and the outside.
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The state-space representation is calculated readily using the
interconnection method, which can be expressed as

Xip=AZpXEp + BipUpp

Y];]P = CgPXgP + DgPUll?JP (20)
where X gp is a 10 x 1 vector, including the state variables of

: i _ixi xl xi
the ac and dc sides as X5 p = [X 5,0 X5 X pac) and
ij i i j AN i
Ubp = [Amiy, Al Aml, Al A, 1, A 4]
ij y j i AL i "
YBP = |:Azfc,dq A’Lfc,dq A’Udc A’Ufc,dq A’Ufc,dq}

The matrices A% ., B p. Cp p, and D3 , are calculated numer-
ically for an input data using the RCT functions.

5) Power Controller: Here, a current control method is em-
ployed to control the BTBC power exchange. In this method, the
power references P and Q;J; are provided by the GCL. Then,

the current references 7" d ref A€ calculated as follows [36]:
Zd ref — 2Pef/3vfp d

q ref = 2Qref/3vfc d- (21)

It is easy to obtain a state-space model similar to the PI current
controller model of DERs, i.e., (9), by considering the integrator
outputs of the PI controllers as the state variables (X inc) as
follows:

Xch AchXch + BchUch

Yipe = ChpeXbpe + DipeUbpe (22)

WhGI"C ngc - [AVIgCC,dq Aigcc,dq AZ.ilquef AwiB]T
Amfiq, the matrices are A%, = 02, By, = [Bjh,. BchQ
Bch3 Bch4] CZch = (2/‘/:1C)‘[27 Dprc - [DZchl DchZ
D}chg Dch4] and the submatrices are Bchl 0o,
Bprc2 _KlBiIQ’ Bprcl}_ = KlBiIQ’ Bzch4 = O2x1, Dprcl =
(2/‘/‘1‘3)[2’ DprcS - (2Kpr/VZZ|C)12a and

-
> Ych -

i _ 2 | Ky —Ljwp
Bpe2 = | . . .
Ve [Liwl —K,
Di _ 2 _L,L.Ifcijcc’qo
Bped — Y/ S .
" V;ic Llfci?}‘c,do

K rin and K, are the proportional and integral gains of the PI
current controller and V. is the nominal dc link voltage.

6) DC Voltage Controller: In order to have a stable BTBC
operation, the VSC; needs to exchange the same active power

with the VSC; by applying — P2 as the active power reference.
In addition, the dc voltage should be controlled through the
same control signal. On the other hand, although the VSC;’s
reactive power reference is free from the VSC;’s Qref, usually
references with equal magnitudes are of interest. Therefore,

power references of the VSC; are expressed as
P, It = - P 4 Qref

ref ref ref
where gy, is the control effort of the Vd]c controller shown in
Fig. 5(a). Thus, the current references can be calculated by (21)

(23)
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Fig. 6. Structure of PLL typically used for VSC;.

and a state space can be represented for VSC; current controller
similar to (22) as follows:

J _ AJ J J
XBU(' ABv(’XBU(' + BB?)(’UBU('

YBZ’UC = CJB'UchBvc + DBché'uc (24)

where X7, . is a 2 x 1 vector of the integrator outputs of the
PI controllers. Since the current controller structure is the same
for the power controller and the dc voltage controller, the input
vector, output vector, and all matrices and submatrices are equal
to those of the BTBC power controller expressed following (22)
with superscript j.

The V;]]C controller, which is usually a PI controller, is modeled
using state-space representation as follows:

Xlgvc = B]%VCU%VC

Yive = CveXdve + DhveUive (25)
where X]J)\,C is the integrator output, Uy = Av)., Y Bve =
AZd ref’BDVC = KPV© Cl])VC = [2/3ch,d 01", and Dy =
2KV /305, 4 0] KPVC and KPYC are the proportional and

integral gains of the V. PI controller.

7) Synchronizing PLLs: As mentioned earlier, the BTBC
needs two PLLs to synchronize ac sides with the MG’s PCC
voltages through ILs. The typical PLL structure is indicated
in Fig. 6. An LPF is used to clear the vpcc o signal and a PI
controller is used to enforce it to zero in order to lock 6%
on the phase of vpcc Before enabling the BTBC to exchange
the power, v}, = .. Therefore, v}, is measured by the v},
transducer. In order to find the small-signal model of the PLL,
PI and LPF integrator outputs are considered as state variables.
The third state variable is 6% = 0% — 2. to state all BTBC ac
side dynamics into the related CRF, e.g., VSC,; dynamics state
into the MG; CREF. Therefore, the state-space representation is
as follows:

‘s At 4 0 %
XPLL - APLLXPLL + B PLLUPLL

YPiLL = ClgLLX fi’LL (26)

where U}y | = [Av, Vhee.q AWl T YL = [Awh ASL], and
BéLLlO e ]TO}?;'LL[I K;LL 01
0 0 -1 0 0 1
0 KM 0
Az’LL =10 —we 0O
1 KMo

8) Complete Interconnection of BTBC Modules: As the final
step, the interconnections among all power and control modules
represented by (20), (22), and (24)—(26) should be considered
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Fig. 7.  Interconnections of power and control modules of the BTBC;;.

as shown in Fig. 7. The BTBC;; is modeled as
Xy = AYXE + BRUY

Yy = C0YXy +DYUY 27)

where X g is a 21 x 1 state vector as
i ij i J J i J
Xg = |XBp XBpe XBee Xbve XpLL XPLL}

By specifying the input and output vectors as Ug =

* jij i g : j T i
[A’Ufycc,dq AZI_L,dc] Avpcc,dq AZIL_,dq Ao"yéom AwCOm] and YB -
[Av}c’dq Av}c,dq Avéc Ad Ad%]T, considering the intercon-
nections shown in Fig. 7 among all the BTBC modules, and
using RCT functions in the interconnection method, the matrices
can be calculated numerically for certain input data.

E. Overall Interconnection of Interconnected Microgrids

By modeling all ac IMG modules, including ac MGs, BTBCs,
and ac/dc ILs, modeling of various structures of IMGs with
any number of MGs and interconnections is possible using the
interconnection method. Fig. 8 indicates the IMG interconnec-
tion focusing on the interconnection between MG; and MG;
including BTBC;;, IL;;, IL;;, and all modeling requirements
(see Fig. 1). In fact, MG;, ¢ = 1,...,n can be interlinked to
all other MGs, e.g., MG, j = 1,...,n and j # ¢ through the
corresponding BTBCs and ILs, which shows the generality of
the interconnection method.

The MGs have independent CRFs, where their functional
zones are shown in Fig. 8. All ILs and BTBC ac sides connected
to each MG are covered by its CRF. Therefore, (10a) and (10b)
are used for power interconnections between the MG/IL with
the BTBC. The small-signal model can be represented in a free
motion state-space form as

X = A XivG (28)

where Xy consists of the state variables of all participating
modules in the IMGs and can be expressed as

MGs ILs BTBC's
— [x1 n tj ij T
XIMG*[X]\/IG"'XMG ...XIL PR .XB ...]

including (13m + 2)n + 2p + 21q state variables, where n, p,
and ¢ are the number of MGs, ILs, and BTBCs, respectively.
Ajpvc can be expressed in a general form as

AIMG = [A‘I'S]7T7S: 17"'7t (29)
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where p is the number of all IMG modules and A, = 0 when
r # s and there is no direct connection between the rth and
sth modules, otherwise A,; # 0. 0 is a zero matrix with the
appropriate size.

For each IMG case with certain data, Apg can be calculated
numerically by considering the module connections as generally
shown in Fig. 8, and applying the interconnection method.

F. Comparison With the Substitution Modeling Method

If the substituting method is employed for finding the com-
plete MG model, the number of substitutions can be found
according to Fig. 4 and the output arrows from the equations
blocks. By the left, (11) should be substituted in (4) for all m lines
and in (5) for the load, which are totally m + 1 substitutions.
Equation (5) should be substituted in (11), and (4) should be
replaced in (10b) for all m lines without the coupling DER; line
(m substitution). Equation (10b) is replaced in (2) and (7) for all
DERs except DER1, in which the replacement is from (5) (2m
substitutions). By substituting (2) in (7), (9), and (10a), (9) in
(2), (8) in (9), and finally changed-dimension output of (7) in
(2), (9), and (8), 7m substitutions are required for all DERs. The
substitution process can be completed by replacing (10a) in (4)
for all m lines except DER| line, in which the substitution is from
(2) to (4) (m substitutions). All required manual substitutions are
12m + 1 that can be expressed as 13 when similar substitutions
are just considered as one substitution, i.e., m = 1.

A similar substituting process is needed for BTBCs using
Figs. 5(c) and 7 that leads to 24 substitutions. Neglecting similar
substitutions, required that ones are reduced to 13.

According to Fig. 8, for each interconnection between two
MGs, 20 substitutions (ten by neglecting the similar ones) are
required. For n different autonomous ac MGs with £ intercon-
nections/BTBCs as shown in Fig. 8, totally """ (12m; + 1) +
44k substitutions (36 by neglecting the similar ones) are nec-
essary to find the IMG model using the substitution method.
Such a manual calculation process leads to a high calculation
burden and may be accompanied by some errors. However,
in the proposed interconnection method, the large number of
substitutions are fulfilled numerically using the RCT functions
with a low manual calculation burden only for specifying inputs
of each module employing the preprovided interconnections by
Figs. 4, 5(c), 7, and 8. In fact, the calculation time/burden of
the interconnection method can be determined as specifying
the inputs of modules using input_to function with respect to
substituting the equations into each other in the substitution
method. The number of specifying input vectors as a relatively
time-consuming process is equal to the number of modules to be
interconnected. Therefore, one can easily calculate it regarding
Figs. 4,5(c), 7,and 8 as )" ; (7Tm; + 2) + 20k.

Both substitution and interconnection modeling methods lead
to the same results (e.g., from eigenvalue analysis or time-
domain simulation), since both are based on the same module
models and the same strategy for selecting the input, output, and
state variables. The difference is only in the calculation burden
and possible calculation errors.

Table I shows the calculation burden/error comparison for
the common substitution method [14], [15] and the proposed
interconnection method in two sample IMGs. In this comparison
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TABLE 1
COMPARISON OF THE COMMON SUBSTITUTION [14], [15] AND
PROPOSED INTERCONNECTION METHODS
Modeling Possible Studied Num!)er. of Manuai\l
substitution  calculation
method manual error system . N .
finput_to time (min)
o Module modeling IMG 291 1164
Substitution and substituting ~~ IMGy 676 7704
Interconnection Module modeling IMG1 157 157
and input specifying IMG2 366 366

study, IMG; is formed by three interconnected MGs through
three BTBCs, where MG has three DERs, MGy, has four DERs,
and MGg3 has six DERs. IMGs, is composed of eight intercon-
nected MGs through seven BTBCs, where each one of MG -
MG3; has two DERs, each one of MG4-MGg has three DERs, and
MG~ and MGg consist of five and ten DERs, respectively. It is
obvious that the number of substitutions are larger than the num-
ber of specifying inputs in each case. Moreover, one can consider
approximate average calculation times for specifying inputs as a
fast manual process and substituting equations as a slow manual
process as 30 s and 4 min, respectively. Hence, as shown in
Table I, the total calculation time of the substitution method
for the same case studies is much more than the corresponding
time of the interconnection method. In addition, substituting
equations may lead to different nested forms, which causes long
calculation times or even manual calculation errors. However,
specifying inputs is a straightforward MATLAB coding process
without arithmetic complications.

IV. MODELING VALIDATION

Prony method is used for validating the power system model
in [32]. For this purpose, the small-signal model of the IMG is an-
alyzed using eigenvalue analysis and participation matrix. Thus,
the participating eigenvalues and their contribution amount in
each state variable can be determined. On the other hand, the
waveform of each state variable obtained from the real system
or a nonsimplified model can be estimated using Prony method
as a linear sum of damped complex exponentials [32]. The pro-
posed modeling precision for each state variable is validated by
comparing the participating eigenvalues and their contribution
with the damped complex exponentials calculated by the Prony
analysis [33]. In this article, the required input waveforms for
Prony analysis are provided from real-time OPAL-RT simulator.

Complete interconnection of ac microgrids focusing on the connection between MG; and MG;; through IL;;, IL;;, and BTBC;;.
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Fig. 9. (a) Real-time experimental setup including the OPAL-RT target, the

host PC, and a LAN cable for networking. (b) Real-time simulation process
using OPAL-RT digital simulator.

A. OPAL-RT Simulator

In order to indicate the practicality of real-time simulation
for large-scale systems, e.g., BTBC-IMGs, real-time software-
in-the-loop simulations are provided using OPAL-RT simula-
tor. Fig. 9(a) shows the experimental setup located at Marine
Microgrid Laboratory, Aalborg University, including OPAL-RT
simulator OP5600 as the target, the host PC, and a networking
LAN cable. The OP5600 is configured with four activated Intel
Xeon ES5, 3.2 GHz processing cores, and works under Linux
operating system. Moreover, it provides user-programmable I/O
management, handled by a fast Xilinx Spartan-3 FPGA. The
real-time simulation process is shown in Fig. 9(b). Version
11.2.1.91 of RT-LAB software is used as the interface between
MATLAB and OPAL-RT digital simulator.

In order to simulate BTBC-IMGs as real time, the
MATLAB/SimPowerSystems model is loaded on the OPAL-
RT via the RT-LAB, then, the real-time data comes back to
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Fig. 10. Prony analysis-based estimation for perturbed form of OPAL-RT

output waveforms: (a) seven angle difference of the DERg reference frame from
the common reference frame of MGy ; (b) DER; active power of MGa; and (c)
integrator output of the dc voltage controller.

the MATLAB environment inversely. The SimPowerSystems
model should be divided into two subsystems, i.e., a subsystem
comprising all permanent power and control parts during the
real-time simulation and a subsystem including displays and
changeable parameters. After model loading and real-time data
reception, real-time waveforms can be measured in SimPower-
Systems environment.

B. Interconnection Method Validation Using Prony Analysis

The introduced Prony analysis-based validation method is
used for BTBC-IMGs. The details are not given here due to lack
of space. The two BTBC-IMGs introduced in [37, Part II] is
simulated real time using OPAL-RT simulator. The waveforms
of OPAL-RT output and Prony analysis estimation are shown
in Fig. 10 for A63TG1, APM&2, and A Xpyc, where generally
Ax = xr — x, Az is the perturbed form of the state variable (x)
and x¢ is the reference value. The Prony method estimates the
perturbed form of waveforms for a certain set point, which is
850 W active power flow from MGy to MG, at ¢t =1 s due
to a power deficiency in MG;. The data window shows the
time interval of Prony estimation. All three waveforms show
appropriate estimation by Prony analysis.

Comparative results for the estimated state variables are
shown in Table II, where the eigenvalues and participation
factors are also calculated for the two BTBC-IMGs. The model
validation error (MVE) indicates the difference between esti-
mated modes (by Prony analysis) and calculated eigenvalues (by
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TABLE II
PRONY ANALYSIS-BASED MODEL VALIDATION

State Participation

variable Eigenvalue MVE (%) factor MVE (%)
AgMG1 —8+ ;2838 5 0.96 3
2 —145 £ ;106 3 0.03 3
—8+ ;2838 3 0.66 6
APMG2 -21.46 7 0.02 21
20 0 0.29 9
—2+ ;1338 6 0.45 3
AXpve —108 £ j87 3 0.55 3
0 -P drso?_and PLLs 40 7’«‘(’ ACLs, CCs, VCs and V-Q droop
. f » B

ol BTBE Cs— -
25 20 15 10 5
x 10" H
DER RLCFs | 4 ACLs, ILs and :
—_ 3 :
% 2] Y\ BTB,éCSs . “‘:“
g a TN b
= opei e RAENE
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g @ (RLCFs)
) -
%
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i Legend:
! ACL: AC lines DVC: DC voltage controller
i ACS: AC side IL: Interlinking line
i BTBC: Back-to-back converter LPF: Low-pass filter
i CC: Current controllers PLL: Phase-locked loop
! DCS: DC side RLCF: RLC filter
i DER: Distributed energy resource VC: Voltage controller

Fig. 11.  All eigenvalues of the two interconnected microgrids.

eigenvalue analysis) in the third column, and it shows the differ-
ence between normalized estimated amplitudes of the modes and
participation factors (calculated by participation matrix) in the
fifth column. In the first case, the MVE is calculated as relative
error percentage

MVE = WAIM x 100
where v is a complex conjugate/real mode estimated by Prony
analysis and A is the correlated eigenvalue calculated via eigen-
value analysis. In the second case, the MVE is also calculated
through (30), while -y is the normalized estimated amplitude and
X is the correlated participation factor.

The MVE is less than 10% in all cases except A = —21.46,
which is not an effective dominant mode based on its participa-
tion factor, i.e., 0.02. The presented Prony-based validation is
able to be employed for all state variables.

(30)

V. EIGENVALUE ANALYSIS RESULTS

As mentioned, the required information for simulation is
presented in [37, Part II]. Fig. 11 shows all eigenvalues of
the two IMGs through one BTBC, where the corresponding
modules to each eigenvalue cluster are indicated generally using
the participation matrix. The eigenvalues around —5000 real to
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—8000 real are mostly affected by DER and BTBC RLC filters.
The eigenvalues between —2000 real and —3000 real are due to
the ac lines, ILs, and BTBC ac sides. More dominant modes can
be categorized into three clusters. The cluster near to —600 real is
due to the MG loads. The eigenvalue cluster between —100 real
and —350 real generally indicates the dynamic participation of
the ac lines, DER current controllers, DER voltage controllers,
and V' — (@ droop characteristics. The dominant critical modes
(third cluster) are related to the LPFs, BTBC current controllers,
BTBC PLLs, w — P droop characteristics, dc side, dc voltage
controller, and Adcom, which show the considerable impact of
BTBC on the IMG stability.

VI. CONCLUSION

This article has investigated the small-signal modeling of
fully power-electronics-based interconnected autonomous ac
microgrids comprising VSC-based DERs and BTBCs exchang-
ing power. For this purpose, the detailed module models are
obtained, and their interconnections are realized employing
convenient functions of robust control toolbox in MATLAB.
The presented small-signal model is comprehensive and can
be easily generalized for each number of autonomous ac MGs
due to the expandability feature of the proposed interconnection
method. It is validated using a Prony method and real-time
simulation results, where the state variables are compared with
their waveforms simulated in OPAL-RT simulator. Although,
the validation is presented only for three state variables, each
state variable within the model can be validated in the same
way. The most effective state variables/modules on the critical
modes show a remarkable effect of BTBCs on the stability of
interconnected autonomous microgrids. More conclusions are
given in Part IT of this article based on sensitivity analysis and
time-domain simulations.
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