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Abstract This chapter develops a time resolution based hierarchy of microgrid mod-
els that can be utilized in analysis and control design tasks. The focus is on micro-
grids with distributed generation interfaced via grid-forming inverters. The process
of developing the model hierarchy involves two key stages: (1) the formulation of
a microgrid high-order model using circuit and control laws, and (2) the systematic
reduction of this high-order model to several reduced-order models using singular
perturbation techniques. The time-scale based hierarchy of models is comprised of
the aforementioned microgrid high-order model (tHOm), along with three reduced-
order models (microgrid reduced-order model 1 (UROm1), microgrid reduced-order
model 2 (WROmM?2) and microgrid reduced-order model 3 (tROm3)) which are pre-
sented in this chapter. A numerical validation of all the models is also presented.
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1 Introduction

A microgrid may be defined as a collection of loads and distributed energy resources
(DERs), interconnected via an electrical network with a small physical footprint,
which is capable of operating in (1) grid-connected mode, as part of a large power
system; or (2) islanded mode, as an autonomous power system. The DERs that con-
stitute a microgrid are often interfaced to the electrical network via a grid-feeding
inverter, where the output real and reactive powers are controlled to track a given
reference; or via a grid-forming inverter, where the output voltage magnitude and
frequency are controlled to track a given reference.

As the popularity and adoption of the microgrid concept in electricity systems
increases, it becomes necessary to develop comprehensive mathematical models.
Models are tools that control engineers, scientists, mathematicians, and other non
experts in the field of microgrids, require for the different analysis and control design
tasks necessary for development of innovative microgrid technologies. For example,
to design and test microgrid frequency controllers, models that capture phenomena
in the same time-scale as the frequency, while neglecting phenomena in faster time-
scales, are required. Otherwise, the design of such a controller could prove difficult.
Accurate mathematical models may be developed for inverter-based microgrids by
utilizing concepts from circuit-theoretic and control theory. However, the resulting
models are often highly complex and too detailed for the particular application. It
therefore becomes necessary to simplify these models to less detailed ones which,
though less accurate, can represent the phenomena relevant to the application of
interest.

The main contribution of this chapter is the development of a time resolution-
based hierarchy of models for inverter-based microgrids. Specifically, the focus is on
microgrids with grid-forming-inverter-interfaced power supplies interconnected to
loads through an electrical network. Using Kirchhoff’s laws and the inverter control
laws, a microgrid high-order model (tHOm) is developed. Afterward three reduced-
order models (microgrid reduced-order model 1 (tROm1), microgrid reduced-order
model 2 (LROm?2), and microgrid reduced-order model 3 (ROm3)) are formulated
from the tHOm using singular perturbation techniques for model order reduction—
the Kuramoto-type model developed in [4] can be extracted from tROm3. The time
resolution for which the reduced-order models are valid is also identified, and all
four models are explicitly presented with the small parameters used for singular
perturbation analysis identified. Finally, a comparison of the model responses, for a
given test case, is presented.

The development of high-order and reduced-order models for inverter-based mi-
crogrids has received significant attention in the literature recently. More specif-
ically, Pogaku et al. [10] present a high-order model for grid-forming-inverter
based microgrids, but exclude a discussion on model-order reduction. Anand and
Fernandes [1], and Rasheduzzaman et al. [11] present reduced-order models for
microgrids, but the models are obtained using small-signal analysis, which is only
valid within certain operating regions. Kodra et al. [5] discuss the model-order re-
duction of an islanded microgrid using singular perturbation analysis. However, the
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electrical network dynamics are not included in the high-order model presented,
and a simple linear model, which does not fully capture the dynamics of the is-
landed microgrid, is used for the singular perturbation analysis. Dorfler and Bullo
[4] present a Kuramoto-type model for a grid-forming-inverter developed using sin-
gular perturbation analysis. The electrical network is considered in the analysis and
sufficient conditions for which the reduced-order Kuramoto-type model is valid are
presented. However, the analysis is not as detailed as that presented in this chap-
ter. More specifically, the time-scale resolution associated with the Kuramoto-type
is not discussed, the analysis is performed for a lossless electrical network, and
the high-order model, on which singular perturbation analysis is performed, is not
rigorously developed. Schiffer et al. [13] develop a detailed high-order model for
grid-forming-inverter-based microgrids. Singular perturbation analysis is then em-
ployed to perform time-scale separation and model-order reduction, as done in this
chapter with underlying assumptions stated. However, though the authors claim that
the model-order reduction can be performed, the small parameters used for sin-
gular perturbation analysis are not explicitly identified, and details of the singular
perturbation analysis are not presented. Also, the time resolution associated with
the reduced-order model developed is not identified. Luo and Dhople [8] present
three models for a grid-forming-inverter-based microgrid, which are obtained by
performing successive model reduction steps on a high-order model, using singular
perturbation analysis. However, the singular perturbation analysis is presented in a
much less detailed form than that in this chapter, the time scales associated with
each reduced model are not identified, and the high-order model from which all
other models are derived is not explicitly stated with all the small parameters used
for singular perturbation analysis identified.

The remainder of this chapter is organized as follows. In Section 2, the relevant
concepts, to be used in later developments, are introduced. In Section 3, the mi-
crogrid high-order model (tHOm) is developed. In Sections 4-6, by using singular
perturbation techniques, we obtain three reduced order models that we refer to as
UROmI1, yROm2 and uROm3, respectively. Finally, in Section 7, the time resolu-
tions of yROm1, yROmM?2 and tROm3 are identified, and a comparison between
the models responses, for a given test case, is presented.

2 Preliminaries

In this section, we first introduce the gd( transformation of three-phase variables
to arbitrary and synchronous reference frames. Next, we introduce graph-theoretic
notions used in later developments to develop the network model. Finally, a primer
on singular perturbation analysis for time-scale modeling and model-order reduction
is presented.
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2.1 The qdO Transformation

Let o (t) denote the angular position of a reference frame rotating at an arbitrary an-
T
gular velocity, (), and let f,40(4() (t) = [fq[a(t)] (t) fafa(e) () fojae) (t)] denote

T
the gd0 transform of a vector of 3-phase variables, f (1) = [ JAGEAG) fc(t)} ,to

the reference frame. The general form of the non-power-invariant gd0 transforma-
tion is given by:

£a0(a()) (1) = Ki(a(?))fape (1), (1)
where:
cos(a(r)) cos(a(r) — 27”) cos(a(r) + 27”)
Ki(a(o) = 5 [sina(r) sinalr) - %) sin(a() + )|
2 2 2

all) = /Ota)(r)dr—koc(o).

The qd0 reference frame in Eq. 1 is referred to as the arbitrary reference frame,
but when a(¢) = @yt, where @y denotes the synchronous frequency, it is referred to
as the synchronously rotating reference frame [7].

Assume that f, (1), f5(¢), and f,(¢) are a balanced three-phase set. Let ?qdo[%,] (1)

and £ ;go(q() () denote the complex representation of f(¢) in the synchronously
rotating reference frame and the arbitrary reference frame, respectively. Then, by
using Eq. 1, we have that for

_>

£ gaop) (1) = S (1) —ifapy (@), 2)
where j denotes the complex variable, i.e.,j = v/ —1,

?qu[am} (t)= ?qu[a)ot] (t)exp(—jo(t)), 3)

with

[Note that because of the balanced assumption on f(?), f5(t), and fe(t), foja() (t) =
0.
] R T . T
Let fq00()) (1) = [fgja@)(t) fajaw) ()| »and fgoim () = [fq[a)ot] (t) fajopn ()] 5
then from Eq. 2-Eq. 3, it follows that:

fqdo[oe(z)] (t) =Ka(6(t ))fqdo[woz] (1), €]
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with

cos(8(r)) —sin(8(1))
Ky (8(1)) = lsin(5(l)) cos(5(r)) ]’

and the evolution of 6(¢) governed by:

dé(t)
dt

= o(t) - a. 5)

2.2 Graph-Theoretic Network Model

The topology of the microgrid electrical network can be described by a connected
undirected graph, & = (¥, &), with ¥ denoting the set of buses in the network, so
that ¥ = {1,2,...,|¥|},and & C ¥ x ¥, so that {j,k} € & if buses j and k are
electrically connected. Choose an arbitrary orientation for each of the elements in
&’; then we can define an incidence matrix, M = [m;,] € R" |21 , associated with this
orientation as follows:

m;e =1 if edge e is directed away from node i,
mj, = —1 if edge e is directed into node i,

mj, =0 if edge e is not incident on node i.

Connected to some buses, we assume that there is an inverter-interfaced source, the
dynamics of which are described in Section 3.1; and at each bus, we assume there
is another element, the dynamics of which are described by a generic dynamical
model satisfying some properties, as described in Section 3.3.

Let ¥ C ¥ denote the set of buses with an inverter-interfaced source. For
j=1,2,...,|7y|, let s; be used to identify variables associated with the inverter-
interfaced source connected to bus j. As a result, we can represent the resistance,
inductance and current injection of the source as: R(Sf), L) and I(“f)(t), respec-
tively.

For j=1,2,...,|7,letl; be used to identify variables associated with an element
connected to bus j. As a result, we can represent the resistance, inductance and
current injection of the element as: R, L) and 1U5) (1), respectively.

Form=1,2,...,|&|, let e, .= {j,k}, {j,k} € &. As aresult, we can represent
the resistance, inductance and current across a line extending from bus j to bus k as:
R(em) [ (em) and [(em) (¢), respectively.
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2.3 A Primer on Singular Perturbation Analysis

Definition 1 (Big O notation). Consider a function f(€), defined on some subset of
the real numbers. We write f(€) = O (Ek) if and only if there exists a positive real
number C, such that:

|f(e)| < Ce*, ase—o0.

The material in this section follows closely from the developments in ([6], pp.
1-12) and ([3], pp. 7-11). Consider the following two-time-scale dynamical model:

(
ei(t) = g (x(r),2(t),w(t),€), z(0) = (6)
0=h(x(r),2(1),w(t),e), w(0)= W°7
with slow and fast time-scales, 7 and 7, respectively, where 7= L, f(-,-,-,€) =
O<1)a g(')'a'78) :O( ) andh( IR ) :O(l)

Assumption 2.1 Let the bar (~) and tilde (~) notations be used to describe the slow
t-scale and fast T-scale variables, respectively. X, z and w can be decoupled to

x(t) = X(1) +X(7),
z(r) = (1) + (1),
w(t) = w(t) +W(1)
where
X(t) = o(t)+£i1(t)+82§2(;)+... ,
%(1) = Xo(1) + €51 (7) + 2% (T) + - -,
Z(t) = 2o (1) + €21 (t) + 222 (1) + -+,
#(t) = %o (1) + €21 (1) + €%%2(T) + - -,
W(r) = Wo(t) + Wi (t) + €2Wa () + -,
W(T) = Wo(T) + €W (T) + 2%, (T) + - -

The dynamical model in Eq. 6 may be rewritten in terms of # and 7 as:

x(1) + % di(;) = f(X(t) +X(7),2(r) +Z(7),W(t) + v~v(r)7£) ,
ez(t) + dZ(:) =g (X(t) +%(7),Z2(t) + Z(7), W(t) + W(7),€) ,
0= (X(r) +X(7),Z(r) + Z(7),W(t) + W(7),€) ,

and by setting € = 0, it follows that:
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dXo (17 )

——2=0

drt ’

Xo(t) = f (Ro(t) +Ro(o0),Zo(t) +Zo (o), Wo (r) + Wp (o), 0) ,
dzoiir) = g (%0(0) +%o(7),20(0) +7(7), Wo(0) + Wo(7),0) ,

and

0 = £ (%0(0) +%o(7),20(0) +7Zo(7), W0 (0) +Wo(7),0), o
0 = h (Ro (1) +Ro(o0), 20 (1) + Zo (), Wo (£) + Wo (), 0)

Assumption 2.2 Equation 7 has distinct real roots, one of which is:

V_V()(O) +W0(T>
Wo (1) + Wo(e)

(%0(0) +%o(7),20(0) +7Z0(7)) ,
(%o (1) +Ro (o), Z0(t) +Z0(0)) -

Choosing initial conditions Xo(0) = 0 and Xo(0) = x°, let Zy(¢) = { (Xo(t)) be a
root of

=V
=V

0=g (io(t),ig(t),v (Ro(1),Z0(r)) ,o). )

As a result, the two-time-scale dynamical model in Eq. 6 may be expressed in the
approximate form:

So(r) = £ (%o(1), £ (Ro(1)), v (Ro(0), £ (o(1))) ,0) ©
and
di:;ir) =g <X07 (x) +7o(7), v(x, £ (x%) -|-i0(1,-)),0) ’ (10)

where %((0) = x? and 7y(0) = z° — {(x°)

Assumption 2.3 The equilibrium 7y(t) = 0 of Eq. 10 is asymptotically stable in x°,
and 7y(0) belongs to its domain of attraction.

Assumption 2.4 The eigenvalues of % (the Jacobian of Eq. 8) evaluated, for € =0,
along Xo(t), Zo(t), have real parts smaller than a fixed negative number.

Theorem 1 (Tikhonov’s theorem). Let f and g in Eq. 6 be sufficiently many times
continuously differentiable functions of their arguments, and let the root, Zo(t) =
4 ()_(o(t)) of Eq. 8 be distinct and real, in the domain of interest (it follows from
the implicit function theorem that the jacobian of Eq. 8 must be invertible). Then, if
assumptions 2.1, 2.2, 2.3 and 2.4 are satisfied, Eq. 6 can be approximated by Eq. 9
and Eq. 10, where
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x(1) = %o (1) + O(e),
2(1) = §(%o(t)) +20(7) + O(e),
w(t) = v (Zo(1), §(%0(r)) +Z0(7)) + O(e),

and there exists ty > 0 such that

forallt > tg.

In this work, we refer to the approximate slow component in Eq. 9 as the
reduced-order model.

Definition 2 (Time resolution). The time-resolution of the reduced-order model in
Eq. 9 is the time it takes the approximate fast component in Eq. 10 to reach the

equilibrium Z(7) = 0 from an initial state 7y(0) = z° — £ (x°).

3 Microgrid High-Order Model (tHOm)

In this section, basic circuit laws are used in conjunction with notions introduced
in Section 2 to develop a High-Order model for a grid-forming-inverter-based AC
microgrid operating in islanded mode. First, a model is developed for an inverter-
interfaced source, which comprises a battery, a 3-phase inverter, an LCL filter, and
a voltage magnitude controller model. Next, a three-phase model for the electrical
network is developed, along with a generic model for an element (typically a load)
connected between each bus and the ground. The Microgrid High-Order Model
(uHOm) is developed by combining the inverter-interfaced source model, the net-
work model and the generic element model. In this work, the models developed are
expressed using the per-unit representation, to ease analysis in later developments.

3.1 Inverter-Interfaced Source Model

The structure of the inverter-interfaced source adopted in this work is comprised of
a 3-phase inverter coupled with a battery, an LCL filter, and a voltage magnitude
controller. An averaged model, as opposed to a switched model, is used to describe
the 3-phase inverter dynamics (see [14], pp. 27-38, for more details).

For the inverter connected to bus j of the microgrid network, let VL()SC{) denote

the dc voltage at the inverter input. Let Ui (¢), E)(¢), EGi)(r) and V) (¢) de-
note the Pulse Width Modulation (PWM) output voltage of the inverter, the in-
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ternal voltage of the inverter, the LCL filter capacitor voltage, and the voltage at
bus j, in per-unit representation, respectively. Let Z/)(¢) and 1¢7)(¢) denote the
inverter output current and the filtered inverter output current, in per-unit repre-
sentation, respectively, let @(/)(¢) and I"/) () denote the state variables for the
voltage and current Proportional-Integral (PI) controllers, in per-unit representation,

respectively, let Eﬁsj ) (1) denote the voltage magnitude controller reference, in per-

unit representation, and let Eﬁsj)(t) = E<A’)( 3] —JEfd )( t), where Ef;j)(t) =0, let
~(s)

Er) denote the current controller reference, in per unit representation, and let
:r(sj)(t) = _.rq ( ) —Jé ( ), let P<S’)( t) and Q; ’)( t) denote the filtered real and
reactive power measurements, respectlvely Then using the gd0 transformation dis-
cussed in Section 2, the dynamics of the inverter-interfaced source connected to bus

Jj of the microgrid electrical network can be described by:

r 3

At each generator bus j = 1,2...,|¥#|, the dynamics of the connected inverter-interfaced
power supply are described by:

A8 (@) _ ) )
Dy’ T*Pr =P 1),
(57)
1 40,7 (1) _ £ 5
o) di = 07 0+ Eqig (Ofon) )~ o Vi O

0

== P () + g (IS0 )+ B ()0 0),

o) dt qlaot] /" glwor] dwor]
53)
L) dii (1) _ .
qla!] (s;) 7(57) 7 (s) (s (s) (1)
o dr = B g (O~ L () By (6) = Vi ),
(53)
$i) dlyg 0 (2) .
dlow) )6 ) )
= L 6 = R (6 + Egiy 10 = Vi1 1),
(57)
do' . (1)
1 () A(s; 5 s A(s7) = (s
g = 000830 0) + £ (1)sin(6 ) =B 2 )
+ROIS (1) cos(807) (1) = Ry I (1)sin(8) (1))
1 sy 1 (s
=00 +E +—0,
D‘J J
15 18

1 N 6 (1)) — B (1)) - Ry £
= - —E 0 (0)sin(86D (1)) —Eyl (1) cos(849) (1)) — Ry [’ (,-)(t)](t)
+ROIS  (0)sin(867 (1)) + RIS (1) cos(84 (1)),
5(57)
) dET (2) j
glaw s DES) (1) +5) v
A — L ()= CEGD (1) + 20, (0)c0s(81) ()

+ 0t ) O sin (8 (),
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(s7) (s5) —(s5) ooyl
=—ILyl . N +COE M(x)f:q[;(/.) (t)](l)sm(5<f)(t))

FEDL o eos(890()),

(57) 2-(s5) p(s7)
S VDC KP RO 5
—@WO+ 0|1 0cos(8%) 1))
(57) g l57) (s))
,KI(J‘VJ) <1+ DC ;4’ 0 )Itg‘[j) ](t)sin(é(sf (l‘))

(57) 2-(s5)

o Wk "
_ (R(()])+ DC2 Py (1+ ;,¢>R( ))) E(J)(_()](t)
(s5)

qla) (¢

E(S;)

e

(s5)

By () cos(8 () + 25T

S;

Véscj)K}()st)K(Sj)

VeI
5

2
(s

P

1) o 5)
7 Kig

Y

ESh  (0)sin(80) (1) + .

V(51>K(S])K<5j)

(D(Sj) Py

(s5)

qlal) (o))

(t)+

r

()
qlal) (o))

Vol Kep Ky (s

P¢E
0

j)

2D§E )

(57) 2(57) 2(s7)
Vpd Kpi Kpy ol . _
S 00 + K VB (1)5in(807())

(Pr(sf) .

647 (1) cos(840 (1)

2087

Py
DYy

+ KD

KU lsp) o)
£ Ejin (£)sin(849) (1))

E-(sj)

(87) (s )
K,/ CYi
= ( d[a)ot](t)cos(s(sj>(t))7

DY ay
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_P(Sj)(

,)) o (1) €05(57) (1))

() Effn 15003 1)

2 s s Sj S5
— +Epg B ,>) 157) () cos(809 (1))

SlIl

“D(e)+ ki By

2C0)

qlal))

Py 4

(1 Wi

200s5)
G
Ve

Tt
Vlgscj)ng)wO

()
1 Lo ® (2 e
™ di Ve

r(./-) _ P;-Sj)(t

(57) g ()
+KI¢ 3 (]()](t)v

D560\ =05
R )d[

() | o)
Py "0 )I[/
2 (s7) p(s))
i (@,ﬁ’% Ky’
VDC

(s7) p(s))
—Kpd B

VDC
KI(’X)E(B;)(]:]( t) cos( E(SJ

() 460 g
<1+K 0 Ko >“q[fx<f><r>1(’

).

]

(5
Lijan

) (0)sin(87) (1) ~ K,

+Kp B (1)sin(867) (1))

(Sj>
K s s
)+ P¢‘ ( 5/) —Qjc])(t))

) @)sin(86) (1))

ZC(Sj) S Sj (S i o
+ V(l\‘j) (Pr( /) *Pf( ])(f)) E‘;[(ju)ot] (t)sin(87(1))
DC
(s;) . S o8
b (B =B 0) ) £ ) cos(39) 1)
V( ) Eu’)wo [eo?]

(1)sin(8°7) (1))

(r)cos(8) (1))

KBS (1) cos(890 (1)

o) O+ Kig @ )

[a(/

11
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) (57)
_ 20 g (t)cos((s(w)(t))ﬂc—,_’z;; ((1)sin(89) 1))
V(‘j) wyt] V(,sj [ax1]
DC DC
(s;) (s
e (P A )) o
Vpé' Do’ @

2C07) 51 - (s
+ e (A= #7000 sina 0,
5% Dw o

(1) cos(8) (1))

Egng 0 ==ReV 150 0+ RIS (1) cos(84 (1))
+R'E ([ 5 O)+ B 0),

(s) p(57) 7(s7) p(55) = (57)
Egn g0 =—RSVIN 0 —RVES (1) sin(84) (1)

+RGVEL ) o D)c0s(EEN () + B ().

. v

(s5)

where L,

LG7) and CG1) denote the inductances and capacitance of the LCL fil-

ter, in per-unit representation, respectively; R(Sj ), I?(Sj ) and R©) denote the inverter

and filter resistances, in per-unit representation, respectively; K, (s ¢) and K; ) denote

the proportional controller gains for the voltage and current controllers, in per-unit

representation, respectively, and K, <¢ /) and K,( ) denote the corresponding integral

(s5) (s5)

controller gains; DE and D’
( 7)

denote the voltage and frequency droop coefficients,
(s5)

denotes the Voltage droop law constant; @, " denotes the filter

cut-off frequency, ( and Q, denote real and reactive power set-points, respec-
tively. See [9], pp. 10 13 for details of this result.

respectively; E,

3.2 Network Model

Assumption 3.1 All lines connecting the network buses can be represented using
the short transmission line model [2].

1) . (l) . : m m
Let Vq[(’%t] (1) 7-]Vd[(luot] () denote the per-unit voltage at bus j, and let R(»), L(en) and

(em) . (em) L .
Lytton (t)—jI dlnt] (¢) denote the per-unit resistance, inductance and current across

line (j, k), respectively, as introduced in Section 2.2. Then, the voltage across a line
connecting bus j and bus k of the network can be described by:

L) dI' (1)

(l’) _ (lk) _ q[w()l] (em) (em) (e,,,) (em)

Vaian () = Volann ) = == g H R yjany (0 + L Ly (1),
(em)

(1)) W) gy Ll dlgg o) (em) o) 1{em)

Vit (1) =Vt (1) = =g~ gy R g () =L 1)
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Let
() [ () (PN
Vi@ = [V ) Ve @) v (t)] :
) [ () (PNE
Vd[w()t] (t) o _Vd[é()()t] (t) Vd[(zuot] (t) o Vd[(ugt] (t) ’

() — [ylen (e2) (g 1T
o () = |10 0 1520, 0 - 150 ()]
(#)
Id[w()t

e e (elg)) T
0= o1 o L]

Then the network dynamics are described by:

) Ao (©) (&) () To ()

%L = =—-R Iq[a)ot](t)_L Id[wot](t)+M Vq[wot](t),

1 (f)dlt(ffa))ofl(’) ©)1(©) @)7(®) Ty(¥) "

aL o =—R Id[aht](l)+L Iq[wot](t)JrM Vd[cuot](t)‘
with

R((S’) = dlag (R(e1)7 R(ez)a Ty R(€|g\)> )

L) = diag (L(el), L) ... L<e\é°l)),

where diag (d M d® ... d (”)> is a diagonal matrix with diagonal entries d M, g

and M denotes the network incidence matrix as defined in Section 2.

3.3 Generic Element Model

Let V;[lé))o q (1) — jV;[lgo q (t) denote the per-unit voltage at bus j, and let Iéﬁgo q (t) —
jlg(ll[gl) p (t) denote the per-unit current injection by an element (typically a load) at

bus j. The dynamics can be described by a generic non-linear system of differential
equations which we assume to be of the form:
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s A

12)

Do) (o) W) o )
By Vojopn (1) = av (Vq[c'ooz] (6):Vatenn) ) Ly ©); d[wot] (¢) )
1)) 1) ) 0 o\ 1)
by Vi €)= v (Vi (). Vi (t)’IlI[]wof] : d[wof] (r )

1) 1) ) o) o )
B 16 = ar (Vi (00, Vi 0,5 1 (00, i 1 €
(

(
1
1) +(1; la s s [s

1 o (1) = (Ve O Vi )’I;[Jﬁzol] (e )’Ilg[jﬂ)’ol} (e )) )

[ I . . .
where uf,’ ) and ,ul( ) represent time constants of the generic element at bus j; and

qv (-,-,-, -), dy (-,-,-,-), q;(-,-,-,-), and d;(-,-,-,-) are nonlinear functions of its
state variables.

4 Microgrid Reduced-Order Model 1 (tROm1)

In this section, the singular perturbation techniques discussed in Section 2.3 are used
to reduce the order (state-space dimension) of the tHOm to obtain uROm1.

Assumption 4.1 For g, = 1 x 107, the dynamic properties of the WHOm are such
that at each bus j:

xi(t) = |8 (1) Q;fj)(t) Pf(Sj)(t) 1) (t) 759) (1) o) (1) db(j) (1)

qlapt]\"/ “d[ayt] qlal) (1)] Al (1))
() (&) ) 1) ) oy p ) T
ot () s 0) 0 1 0) Lo (6) Vi (0 Vi 0]

r T
(s5) s ) = (55) =(5)) £ (s)) £ (5)
zl(t) = _F J_ ](t) [ ]( ) :‘q[(jx(_j) (t)] (t) :’d[jx(_j) (t)] (t) Eq[éoot] (t) Ed[éoot] (t):| )

, .. T
and w(t) = [E;?(’D)O 1 (1) Et(l[éo)o 1 (t)} , the dynamics of z,(t) are faster than those of

x| (t), and the LHOm can be expressed compactly as follows:
i (1) = fi (x1(0),21(2), w1 (1), 1),
EIZ]([) gl( (t),Z](t),W](I),El), (13)
0=ry (x1(2),2:(r), Wi (1), &)

Assumption 4.2 Equation 13 satisfies the conditions for Tikhonov’s theorem, as
presented in Section 2.3

Given Assumptions 4.1-4.2, the tHOm can be reduced to the so-called Microgrid
Reduced-Order Model 1 (UROm1).

The explicit ordinary differential equations (ODEs) that constitute tROm1 are
as follows (see [9] pp. 25-28 for a detailed derivation of this result):
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e

(48D () ) s
DY dt =P - P (1),
1 ﬂ'Qf (f) 5) (s;)
=0 OB O 0 B 00,0
(S])
1 dp () (5) @) gls))
wgsj) dl = Pf ( )JFE[ ]( )I [woil( ) [wot (l)l ( )
) _ (
' wnt] *‘IV(quut] ’d[wot l)’Iq[wor ’d[wot )
) (
Ky’ worl 1) = dy (V,ing ). d[wor JOR A ’d[ﬂ)of i)
« )
”1 ]l] =a (Vq[l () dwot (), Iq[wot ’ dwot (@) )
) )
1 wot] :d’<Vq cjo()t] wot (t) q[wot ’dwot (I)
()
1 dly. (1)
L o(@) T Talat] _ROY Ty/(¥)
P o O —LEOLD () + MV (@),
@)
1 () Mafayy ) £)1(6) Ty ()
ol = == RO O+ LOLE 0+ MV ),
)
L) dI (1) _ _ _
_ Ry (57)(57) @) o)
o o = RIORS Sl ORE S AR ORIAARION
(s
L) dIS) (1) _ _
dlax] 67)167) 55) )
T )0 ROV (04 Egi (0 =V 0,
(5) () g 55)
Ld‘p jald )](t) Ky KPa; )
(0] dt 2 s} (]) 2 q[a<j)( 1)
1+ K5 RS + Kpj
C(’/)KI(SJ) _
) ()
22 ) 2 Pt o))
(1+K ) +(K,;¢;)

Keg (Ifz[afm]( 1) cos(86)(1) ~ (’)Si“(é(Sj)(t)))
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(s5) (s7) ,(s5)
1 e _ Kig" K %)
(0] dt 2 (s;) 2 Zd[al) (1))
o (o) ()
C(S')K“'f') =)
5y
" o2 Zaatn )
o (o) +(Kf«f )
sy (lgf;; (05in(8) 1) +157, (cos(60)

2 2
ct)? (1+K1(qu) é)) +(K,<,;{))

ctksy) (Eés” + o (0 Qﬁf”(z)))

Dg

- 2 2
CG5))? (1 +K,‘j¢{)1€§f”> 4 (K},;;))

)

where
(s7)
K :
Po I(S/) ( )

() oy
E (1) = ; T 2 e
ci) (1+K,,d; RO’) +(qu{)

((D(Sj) (t) Sin(5(3/> ([)) - (pgé)(j)(t)] ([) COS(E(S/) (l)))

) KI((;]')

gla(1)]
+ 5 2 1\ 2
i) (1+ K )Rém) +(1<§(;))
KR8 (@ 000500+ 047 sin(60)
19 P¢ [ (e d[ald)(1)]
" 2 a6\ (o))
C(x/') <1+KP~Z R Sj ) + (KPX >

g k) (1 +Kp) R )s1n(5 (1))

+ 2
D§f>c<5f>2<1+l(,‘,¢)1ég >) +D (K,(,¢))

2
GRS <E§f” + 2 (0- Q<;’><z>)>

Py
E
)

i 2 69 a6\ L (w6}
) (1 +Kpy Ry’ ) + (Kpié )
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(s)) K,Ef;) (s))
E gy ) =— 2 } 54 (1)
cls)? (1 +K(S¢{)R((;’)) + (K;i;))

C(s,)KI(;f) (<p;‘[‘£‘)(j)(t)] (t)cos(s(sj')(t))Jr(p;-‘[‘é)(j)(t)] (t)sin(é(sf)(t)))
e (1emig) + ()

iy K53 (@0 05n(8) 0) - @0, (0605(6 1))
q|@
Cts; >2(1+K§.¢)1@f} )2+(K}.;{>>2

ESPCONKS) >(1+K< DR )>cos(6( (1))
2

Pé R
cbsy) (H—K ) ( )
( ) ( Sf 0 )005(6(“7)(1‘))
) (5 1) 6 {6\
DY ctn? (1+K¢ S’) +Dy’ (Kpsé)
. 2 . . .
(K,(jf) sin(869)(¢)) (Eé”)+ (ﬁj)< W—Q}W:)))
DE

2 2
6’ (1+K(‘¢;)R“ﬂ) +(K§Z))

_l’_

CUiK ( 1+K

5 Microgrid Reduced-Order Model 2 (1 ROm2)

In this section, the singular perturbation techniques discussed in Section 2.3 are used
to reduce the order (state-space dimension) of the tHOm to obtain uROm?2.

Assumption 5.1 For & = 1 x 1073, the dynamic properties of the WHOm are such
that at each bus j:

I (1 ]
2(t) = [ﬂ[ﬂ ](;) 1 ( ) v v,

df q[
() (s5) -
o) ‘p 201 Lot (0O Latatn ey Zqratnn @ Eagatngy @

(s)) ~(s7) T
%@ma@mk

xa(r) = [8)() 0} (1) P(S-”(;)}T and W) = [E) 1) ES) )], the

2 ! ! ’ 2 glan] ') Fdlog ] 0
dynamics of 7(t) are faster than those of x3(t), and the WHOm can be expressed
compactly as follows:
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(1) = fo (xa(1),22(1), Wa(1), &),
en(1) = g2 (x2(1),22(1), w2 (1), &2) , (14)
0= /’12 (Xz(t),lz(l),Wz(l),Ez) .

Assumption 5.2 Equation 14 satisfies the conditions for Tikhonov’s theorem, as
presented in Section 2.3

Given Assumptions 5.1-5.2, the tHOm can be reduced to the so-called Microgrid
Reduced-Order Model 2 (tROm?2) using the developments in Section 2.3.
(s7) (1)
“E g ®) Vo ® :
Let 60%) (1) := arctan (f][_)& , and 0(4) (1) := arctan (‘fj[_(;’o ] Let W) e
Eqfag o)
{0,1} be a constant such that (/) = 1 if bus j € ¥, and B/) = 0 otherwise. Also,

1et‘7<em>(z)‘ - WUﬂ(z)HV(lk)(t)‘, and

atbus j: 0 ()= 0W () -0 (1),

atbusk: 0 ()= 0 () — ol (r).

Assumption 5.3 The generic model in (12) can be reduced to the so called ZIP
model (see e.g. [12]), given by:

g O1 ) W) 19 )
Voot O () + Vg Ol 0 = =B = [ VO 0 Y [V 1) B,

l/ (Zj) /
VAo O8O =V (I (1) = —Qo —W n)el” -[¥oo| el

(4)

1) l i l- l
where Py’ P( Q0 , Q1 and Q2 denote constants for the element at bus

j, and ‘V ’ denotes the phasor magnitude of V ( )— JVd([w)Ot]( 7).

The explicit ordinary differential equations (ODEs) that constitute tROm?2 are
as follows (see [9] pp. 31-36 for a detailed derivation of this result):
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~

1 des)) , :
ng)de (1) _pl) —Pf(sf)(t),

dt
(s;)
e T LI CR CR

(%
(s5)

~60)(1)) — B cos (60)(1) - g(m(t))) 0¥,
f(“f)(t)‘z—lv( HES/ ’( GU) cos (6( i(t)

_9(1,)(t)> + BG) sin (Q(Sj)(t) _ g(lj)(;))) —P](f-")(t),

and for E(j) representing the set of edges incident to node j,
such that e, € E(j) if and only if the edge e, is incident to
node j, the power balance equations at bus j € ¥ are given by:

2
v ()

(Yj)
1 a7 () = Gb)

mc(éj) d

=B+ V00 |5 +[FO 0 AP+ p06
,ﬁ(j)‘V( HESJ ‘ < G cos (9(#)0),9(51')(1‘))

+B0)sin () (1) — 0 )) + ]7 ‘ Glen)
em€E())

- Y ‘V(em)(t)‘ (G(e”’)cos (G(e”’)(t)> + B sin (O(e”‘)(t))> ;

em€E(j)
= o) +[VW )]0 +[VW )] 0} - g [T o)

—BJW HEJ ‘( sin (84 (1) — 847 (r))
0)) 7] g

em€E(j)

J) g

-y ‘7(6”‘)0)‘(G(e'")sin<6(e’")(t)) B<em>cos(e<em>(t))>.

emEE(j)
A o)
(Kéq;) <E0AJ +D(1S’) <Qr‘1 -G (I)>>

E

and -
‘E( j)(l‘)‘ = ; 5 7
o) (1+K(;§)ﬁé )) +(K§,;;)>
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5 (s & Als; cj) .
where  GU)) = —— Bl — —_ G —
<1éf)°-’)) +<c<;f)) <c(5j)1?((;.i)> i
R(.rj) () 7L(xj) ( )

_—— BYi = P Glem —
(Re1) "+ (L) (D)4 ()

_ Rem (em) = =LEm)

(Rlem) Y2 (Llem) Y2 amdl [ = (RO 2 (Lem) Y

6 Microgrid Reduced-Order Model 3 (1 ROm3)

In this section, the singular perturbation techniques discussed in Section 2.3 are used
to reduce the order (state-space dimension) of the tHOm to obtain yROm3.

Assumption 6.1 For &3 =1 x 107!, the dynamic properties of the WHOm are such
that at each bus j:

S Sj I lj lj lj
za(1) = | Q) (1) PP (o) 150 1 (0) T4 1 (6) VI L (0) V! (1) X 1 (6) T (0)
) j

wot]

() (100 (57 ) (5) (5)
Latand ) Laio) ) Pypanin®) Pagatngy®) F,,T[Ofm o1 ®) Loty )
=) =) 56 )

E @)D Eaiani)® Egiann 1) Edfo (I)} :

. N T
x3(t) =86 (r), and wi(t) = [E;Affi’)of] (1) Ea(l‘[fo)ot] (t)} , the dynamics of z3(t) are

faster than those of x3(t), and the WHOm can be expressed compactly as follows:
x3(1) = f5 (x3(1),23(), w3 (1), &3)

&23(1) = g3 (x3(1),23(1), w3 (1), &) , (15)
0=nhs (X3(t),Z3(l),W3(I),£3) .

Assumption 6.2 Equation 15 satisfies the conditions for Tikhonov’s theorem, as
presented in Section 2.3

Given Assumptions 6.1-6.2, the tHOm can be reduced to the so-called Microgrid
Reduced-Order Model 3 (uROm3).

Using Assumption 5.3 and the definitions in Section 5, the explicit ordinary dif-
ferential equations (ODEs) that constitute tROm3 are as follows (see [9] pp. 3741
for a detailed derivation of this result):
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~

ng) d(—)(::(z) :Pr(Sj) — G f(a‘f)(t)r_._‘V HE ’ ( ) cos (9( (1)
~60)(1)) + B sin (9<Sf>(r) = 9(’f>(r))) :

)t ‘ +’7!1 Hf si)( }(G(Sj sin (9(9,)()

‘EW(Z)‘ - D(lw) (Q(qj +8|Y
E

_9<t,~>([)) _ B cos (9<sj>(,) ol )))> +EW),

and for E(j) representing the set of edges incident to node j,
such that e, € E(j) if and only if the edge e, is incident to
node j, the power balance equations at bus j € ¥ are given by:

_ H [0 0| A +‘7(1_,)(t)’2 P 4 BUIGE) V(m(t)f
_/3<j>’7 Hﬁs, ’( G/ cos (9(z~)(,)_9(s,->(t))
) sin (0@ V) (em)
+BYi) sin (9 () — )) +‘ ‘ €m€E(j)G
5 EE ‘7 em) ‘ ( ) cos (6( m) (¢ )) + B sin (9(‘3’")0))) ,

Qo +’7 ‘Ql _,_’7 ‘ ﬁ(/)B(lj) 7(11)(,)‘2
-B ( ‘7 HE S! ‘ ( ) sin (9<l )(t) = G(S!')(t))
0) -l g o

—Bbi) cos (g(lj) (t) —
em€E())

‘7 em) ‘ (G sin (9( )(t)) — B cos (9(‘3’”)0))) .

emEE
5(s7) -
where  GUJ) = %, B = %, Gi)
55 i (s) a0
(&7) +( (c7a”)
(s}) (s7)
R L -
N (162 BC = ) o)) Glen
(R +(z7) (R +(207)
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7 Comparison of tHOm and tROm

In this section, the time resolution for the reduced-order models is discussed, and
for given test cases, the responses of yHOm, yROmI1, yROm2 and yROm3 are
compared and validated.

7.1 Reduced-Model Time Resolution

For formulation of uROmi i = 1,2,3, the value for & was chosen such that ﬁei
represents the largest eigenvalues of the system, associated with the fast states z;(7).
Consequently, the fast-varying terms in the system response reach steady state in
approximately 50¢g; seconds, and the time resolution of yROmi is 50¢; seconds.
Table 1 shows the time resolution for the reduced-order models.

Table 1: Reduced-Model Time Resolution

small parameter|time-scale
UROmM1|| & =1x10"> | 500 us
UROmM2|| & =1x10"% [ 50 ms
HUROmM3 g =0.1 S5s

7.2 Model Validation

To validate the ytHOm, yROm1, yROm2 and pROm3, the following test case is
employed: two grid-forming inverters based battery sources connected to a 3-bus
microgrid electrical network with an RLC load. One inverter-interfaced source is
connected to bus 1 and the other to bus 2, and the load is connected to bus 3. Using
the tHOm, yROmI1, tROm2 and pROm3, we developed the test case in Simulink.
The model parameters are shown in Table 2.

Let I;l[ia)() 1 (1) — jlgigo q (¢) denote the current across the load inductance. The load
model used in tHOm and gROml1 is given by:
€ AV, () L) () ) (1) (1)
o ar R alaon ) ™€ Vaan () = ligian () + Lyiay (1), (16)
(13)
) Vi) 1y B s) (i) (1)
o ar = r Valan)®) €V (O~ Do () + i (0, (A7)
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L) dln) (@)

L T lglant __7(3) () (3)

i e i OB AFIOR (18)
(3)

L0 i) (1)

= _ 1(3) () (3)

o ar = gl ) Vagay ) (19)

The load model used in tROm2 and tROm3 is given by:

(3)
y o RS e Valan )
Ao (Rt ] L)
2
(R(l3>> C(13) Ji 3) (t)_vq([k)t](t) (20)
1+ (R(l3)C(13))2 dla] ) |
2
(13) (3) (I3)
V(Z3) (t) = (R )C 1(13) (t)—|—v[w0t](t)
dla] 1+ (R)C()? | "l LB
(3)
R(3) 1) (t)_M . o1
1+ (R<z3)c<13>)2 (o] L03)

7.3 Results

A test case is considered where all four models have the same initial conditions, but
at t = 20[s], the load resistance changes to 0.1k€2, the load inductance changes to
10mH and the capacitance changes to 70uF. The comparison between the models is
captured in Fig. 1-4 below.

The model responses are depicted with time-scale resolutions of 5 seconds, 50
milliseconds and 500 microseconds. We observe that at these time resolutions, the
accuracies of H{ROm3, tROm2 and uROml, respectively, are visible. This is con-
sistent with the result in Table 1.

8 Conclusion

In this work, we developed a microgrid high-order model (4HOm) by using circuit-
theoretic and control laws. We used singular perturbation techniques for model-
order reduction of the yHOm, which allowed us to obtain three reduced-order mod-
els, yROm1, tROm?2 and pROm3, with the time resolution of each reduced-model
identified.
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Table 2: System Parameters

| |Parameter| 51 | 52 les ={1,3}e2={2,3}] b |
|Battery | v | ooov | 900v | wa | wa | na |
(s7)
Three-Phase Inverter S (S!‘) 10kVA 12kVA n/a n/a n/a
VDQ’ 321.0265V | 321.0265V n/a n/a n/a
o)) 012 | 0150 n/a na | nh
i | 135mH | 1.5mH n/a nfa | nha
LCL filter 5 0.0302 0.040Q n/a n/a n/a
1657) 0.35mH | 0.33mH n/a n/a n/a
F(()Sj) 15mQ 16mQ n/a n/a n/a
clsi) 50uF 60uF n/a n/a n/a
(sj)
Inner Current Control ng : 10.4479 10.4479 n/a n/a n/a
K,i/ 6.374 x 10°|6.374 x 10° n/a n/a n/a
(s5)
Outer Voltage Control Kff) 6.1825 6.1825 n/a n/a n/a
Ky [1.364x10%|1.364 x 10*]  n/a n/a n/a
(s5)
Droop Control sz-) 13.2629 13.2629 n/a n/a n/a
D’ 2.3368 2.3368 n/a n/a n/a
Network rlem) n/a n/a 0.350Q 0.4Q n/a
1(en) n/a n/a 1.5mH 2mH n/a
Lond i) n/a n/a n/a n/a  ]0.2kQ
115 n/a n/a n/a n/a 11mH
() n/a n/a n/a n/a 64uF
60.0006 50msum§i£|$£m frequency (Hz) 60,0005 G2 output frequency (Hz)

S
. " 50ms t I 5045
60.0004 5045 time-resolution - .
= " o —~ =
-uROM?2)
60 -ROm3|

59.9998

59.9996 59.99950

0 5 10 15 20 25 30 35 40 45 5 10 15 20 25 30 35 40 45
Time (Seconds) Time (Seconds)

Fig. 1: Generator Output Frequency (Hz)

For a given test case, we compared the responses of all three models to that of the
UHOmM. Using the time resolutions to analyze each models response, we observed
that the responses of tROm1, yROm?2 and gROm3 track the response of the tHOm
with errors O(g;), O(&) and O(&3), respectively, where £, = 107>, &, = 103 and
& = 10 L
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11 G1 output Voltage Magnitude (pu) 11 G2 output Voltage Magnitude (pu)
1t 50ms I 5005 ti luti 1
50ms time-resolution  500ys time-resolution
4 ~puHOm ~uHOmM
0.9 & W [rom 0.9 fvv%a - Rom1
-ROM2| : ~1ROM2|
08 4ROM3 08 4ROm3
0.7
. 0.6
0 5 10 15 20 25 30 35 40 45 0 5 10 15 20 25 30 35 40 45
Time (Seconds) Time (Seconds)

Fig. 2: Generator Output Voltage Magnitude (pu)

G1 Real Power Response (pu G2 Real Power Response (pu
0.08 p (pu) 008 p (pu)

0.06 0.06
, ~pHOm [~uHOm
o~ f;ROM| e/ -ROMA|

0.04 ROM2 0.04 ~uROmM2)
1ROM3| 1ROM3|

0.02 0.02

[9) 0
0O 5 10 15 20 25 30 35 40 45 0O 5 10 15 20 25 30 35 40 45

Time (Seconds) Time (Seconds)

Fig. 3: Generator Output Real Power (pu)

08 G1 Reactive Power Response (PU) 08 G2 Reactive Power Response (pu)

[~uHOm
-uROm1|
04 -;ROM2|
#ROM3
0.2
0 0
0 5 10 15 20 25 30 35 40 45 0 5 10 15 20 25 30 35 40 45
Time (Seconds) Time (Seconds)

Fig. 4: Generator Output Reactive Power (pu)
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