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Abstract- This paper presents a procedure for obtaining the
small-signal model of an inverter-based microgrid, where every
inverter is controlled by means of the droop technique. The
proposed procedure is based on methodologies found in
current literature, notwithstanding, unlike those
methodologies, the model obtained simplifies the deduction of
the equations that describe the microgrid electrical circuit.
Additionally, the obtained model allows the analysis of the
microgrid response to variations on the set points of the active
and reactive power. Besides, unlike other procedures found in
literature, this work presents all the steps needed to obtain the
model, including the equation deduction and the calculation of
the quiescent points. The model obtained by following the
proposed procedure is verified through Simulink MatLab
simulations.

Keywords: Dynamic phasors, A.C. microgrid, dynamic model,
small signal.

l. INTRODUCTION

Given the increasing penetration of non-conventional energy
sources in the electrical distribution system, distributed
generation and electrical microgrids have become of great
importance [1]. Microgrids have advantages over traditional
generation systems due to the use of renewable sources. In
addition, among the advantages of these, there is the gradual
reduction of the adverse effects of climate change, the
possibility of dealing with the reduction of non-renewable
sources where there is an increasing demand for energy, the
reduction of losses in traditional transmission lines, among
others [2].

Microgrids can be defined as electrical grids that have their
respective electrical loads, power source systems, and
energy storage units that are controlled to reliably and
efficiently supply power to local loads [3-4]. In addition,
inverter-based microgrids can operate in either the grid-
connected or grid-isolated mode [5].

Inverter-based microgrids that are controlled by the droop
technique have the advantage of not requiring a
communication system for power distribution. On the other
hand, it is possible that small disturbances appear during
load changes, eventually producing transient oscillations,
due to this, it is important to improve the dynamic
characteristics of the microgrid. For this improvement to
occur, it is necessary to have models that consider the
complete dynamics of the microgrid, including the droop
controller, the dynamic of the connection lines, the loads,
and the dynamics of the inverters. Several procedures have
been presented in the literature to model the microgrid [6-9].

In this work, a procedure is proposed that adds an
improvement in the construction of a small signal model
with respect to the procedures found in the literature. In
addition, it allows the analysis of the microgrid when
subjected to variations in droop curve set points. Thus, this
document describes the complete procedure to obtain the
model of a small signal microgrid. For this, the parts that
conform the model are initially explained, then the
procedure to deduce the mathematical expressions that
represent each part and how they are joined is shown.
Subsequently, it is shown how to obtain the quiescent points
and a verification is carried out by simulation. Finally, the
conclusions of the work are presented.

1. MICROGRID’S DYNAMIC MODEL

To obtain the dynamic model of the microgrid of inverters
controlled by droop curves, the procedure used by [9] was
followed, which in turn was adapted from [6]. This
procedure can be understood with the diagram in figure 1,
where three main blocks are shown, each indicating its
inputs on the left side, its outputs on the right side and the
relationship that these variables have with the other blocks
is indicated by arrows.

The block called “Droop dynamic Model” comprises a
representation in state space of the small-signal dynamics of
the droop control law. Specifically, this block models the
dynamics of small variations in the frequency of the n-th
invert Aw, (t) and of the components of its voltage phasor
(real and imaginary part) AE, 4(t) and AE,,(t). This is
done considering the measurement filter applied to the active
and reactive power readings of each inverter and the two
droop curves of each inverter. Thus, since the model
contained in this block does not consider the calculation of
active and reactive power, the main input of this is the small
variations in the active and reactive power of each inverter
APB,(t) and AQ,, (t). Furthermore, unlike the model used in
[9] and [6], here, small variations are considered as extra
inputs that can be applied to the adjustment points of the
droop curves of each inverter AE,,, (t) and Awg, (t). These
small variations allow to model displacements on the axis of
the abscissa of the droop curves (No-load frequency and
voltage), so they can be used for adjusting the distribution of
active and reactive power; accordingly, they can be used to
adjust the system frequency or voltage at a given point on
the microgrid.
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The block called “Dynamic model of the microgrid passive
elements” comprises a representation in state space of the
dynamics of the real and imaginary components of the
phasor of the currents of each inductor and of the voltages
of each capacitor connected to the grid of connections.
(connection lines, distribution lines and loads). This model
is obtained through the use of dynamic phasors and has as
input the components of the voltage phasors of each of the
inverters. Regarding this, note that this block has as input the
small variations of the components of the voltage phasor of
each inverter, so that although the model contained in this
block is not a small-signal model (it can be used to model
large variations), it will produce as outputs, small variations
of the components of the voltage and current phasors
contained in it.

Dynamic model of the microgrid
ic model (Inverters) passive elements (lines, loads, etc.)

—»| Aw,,

¢ imposed by

Active and reactive power
small variation calculation

Frequency variations

ST i,
s g
£

Since the model is excited by small variations, these currents are small variations as well.

Fig 1: Block diagram of the microgrid model and its parts

Given that the model in state space contained in the block
“Dynamic model of the microgrid passive elements”
considers the components of the currents in the inductors of
the connection lines (I, q(t), Icnq(t)), these can be fed
back to the block, "Active and reactive power small variation
calculation”, thus closing the control loop. On the other
hand, the phasor components of the other currents and
voltages modeled in the block “Dynamic model of the
microgrid passive elements” (Xgp, q(t), X4n4(t)) are not
used in the control law, so they are not fed back.

In the following parts of this document, the procedure to
obtain each of the blocks that comprises the complete model
of the microgrid is described.

A. droop dynamic model (inverters)

To obtain the dynamic model of the set of inverters, in the
same way as proposed in [6], it is assumed that the control

the active and reactive power of the same inverter, whose
filtering is given by [6]:

P % p
flt(s) T + w, inw (5)
Wc
Qflt(s) = innv(s) (2)

Where w, is the cutoff frequency of the filter, while P;,,,,(s)
and Q;,,(s) are the active and reactive power delivered by
the inverter.

Unlike [6] and [9], to obtain the small signal model, in this
work are also considered the small variations of the
inverter's frequency and voltage adjustment points (w, and
E,), that is:

A(l)(t) = Aa)o(t) - kpAPflt(t)
AE(t) = AEo(t) — kqAQf () ®)

Where Aw(t), Awo(t), APr, (L), AE(t), AEy () and
AQf, (1) are the small variations of
w(t), wo(t), Pre(t), E(t), Eo(t) and Qg (t) around its
quiescent point, respectively. Thus, following a procedure
similar to that developed by [6], it can be shown that:

dAw(t) o AP (t Aw(t dAwy(t)
dt - pWc inv( ) We (1.)( ) +T
+ wAwy (1) @)
dAE(D) dAE, ()
dt = _kqwcAQinv(t) — wAE(t) + T
+ w AEy(t)

Furthermore, considering that the inverter voltage can be
represented by phasors, that is:

E =Es8 = E4 +JE, (5)
Where:

Eq = Ecosé y E; = Esind (6)

E= [E2+E3y6=tan™" =) 7)

Using the Taylor series as done in [6], it can be shown that:
dAE,(t)

With:

law for the droop curves are given by: 4 dat AE4(t) AP
AEq(t) — AEm AEq (t) + BPQ [A inv(t)
w(t) = w0 (t) — k_P (P_flt (t) — P_0) dt Ao (D) Qunv (1)
E() = Eo(t) — ko(Qpue () — Qo) O dA;’(t)
t
dAE,(t) ®)
Where w is the inverter’s frequency, E is the inverter’s + Bgwo dA dt
RMS voltage, w,, Ey, Py, and Q, are constants that are L(t)
adjusted according to the operating point and the capacity of dt
the inverter, while k,, and k, are the slopes of droop curves. + wBgwo [ﬁEO ((t))
. wo(t
P (t) and Qf,,(t) are the measured and filtered values of Where: 0
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AEm

_wckDEq kgeq —Wc kDEq kEEq

kEEdeEq - kEEquEd kEEdeEq - kEEquEd k;

= wckprakera wckppq kEEq

kEEdeEq - kEEquEd kEEdeEq - kEEquEd k;
0 0

0 _kq"-’ckDEq

kepakpEq—KEEqQKDEA
kqwckped

B =| o Y Bewo =

kegakpEq—KEEqKDEA
__kp wc O

KDEq

kEEdKDEq—KEEqKDEd
—kpEd 0 9)
kEEdKDEq—KEEqKDEd

0 1

With [6]:
—E E
qge de
=— k =— k
Eje + quz PEa Eée + quz EEd

Ede

r=——— kEEq
/Ege + EZ, (10)

Ege

/Ege + EZ2,

Where the constants E,, and E,, are the quiescent points of
the two components of the inverter output voltage.
Thus, since the system of equations obtained contains the
derivative of the input variables, to obtain the representation
of the system in state variables, 3 auxiliary variables are
defined as follows:
Axy(t) AE;(t)
Axg(®) | = [AE,(©) | = Bgao [
Ax,, (1) Aw(t)
In this way, by changing the variables, it is possible to
obtain:

kDEd

AE,(t)

By (1) (1)

dAxd (t)
dt AE,(t)

dAZ‘tlt(t) = Ag, [AEG (D) | + Bpg [ﬁgll:z%g

dix, (£) Aw(t) (12)
dt

AE,(t)
+ chEmO [Awo (t)
Then, from the two previous equations, the small-signal
model of the output voltage and frequency of an inverter,
which is controlled by the droop curves used, expresses as:

dAx,(t)
dt Ax,(t)
daxg@O | _ 5 AZ ©
dne 8, (6)
X (1) 3)
d
‘ + (AgwBEwo
AE,(t)
+ wCBEmO) I:A(J)(:) (t)]
APL’nv (t)
+Bra 30 ()

Knowing the representation in state space for one of the
inverters, a model which includes N inverters can be built by
forming an increased system such as:

E (Aximzs) = Ainvs Axim;s + BinstWAuinstW (14)

+ BinvspoAUinvspo
Aeinvs = CinvsAxinvs + DinvsAuinstW (15)
With:

Ainvs = diag(Ageo,1, Akw 2, ) ABoN) 3 oy
Binvspq = diag (BPQ,lt Bpq2 - Bpon )3NX2N
Binvsew = 4iag(Age1Bewo1

+ WcBEw0,1) AEw,2 BEwo 2
+ WcBgwo,2) ) AEwNBEwON
+ wCBE“’O'N)3Nx2N
(16)
00 100
Cinvs = dlag( 01 0 ,...,[0 1 0 )2Nsz

Dinv.s 10 0 1 0 0 1 |
=dlag(0 1 O]BENO’I'[O 1 O]BEmo,Z;...,[O :

Where the size of the state vector Ax;,,s is 3N positions,
while the input vectors Au;,,spg , Which contains the
variations of the active and reactive power of each inverter
and Au;,,sgw, Which contains the variations to the set
points, are 2N positions each. For its part, the output vector
Ae;,,s contains the variations of the two components of the
voltage of each inverter. In this way, these vectors can be
written as:

Axinvs

= [[Axl’d Axl'q Axl'w] [AxZ’d Ax2'q sz.w]
Au'invsPQ

=[[APy AQy] [APinyp AQz] - [APpyy AQy
Auinvsl:"W

= [[AEy; Awoi] [AEp; Awyy] [AEgy  Awy,
Aeinvs

= [[AE q AEiq] [AE,q AE;4] -+ [AEyg AE

(17)

To obtain the small variations in the active and reactive
power delivered by each inverter, it is decided to make the
calculation from the voltage and current components, as in
[7] and [9], that is:
[AP(t) - [AEL(D) Al (t) (18)
AQ(®)] ~ e lAE,(®) AL (1)

With:
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I I E E
de qe] ,Ee _ [ de qe ] (19)

€ _Iqe Ide qu _Ede
Where E4. and E,, are the quiescent points of the two
components of the inverter voltage, while I, and I, are
those of the components of the inverter’s current. Thus, as
done with the inverter model, the calculation of small
variations in the active and reactive power of the N inverters
can be written as:
AP (t)]
AQ4 (1)

[APN ®)
AQy(t)
Where Ai;,,s contains the variations of the two current
components of each inverter and has 2N positions. It can be
written as:

= IinvseAeinvs + EinvseAiinvs (20)

Aiinvs
= [[Alc1,a(t) Algyq(©)] [Aleza(t)  Algyq(t)]
(21)

In this case, the subscript C was added to each component of
each current because the current of the inverter is the same
current of the connection line between the inverter and other
connections of the microgrid. On the other hand, I;,yse and
Einvse CONtain the matrices of the quiescent points of current
and voltage for each inverter, respectively:

Iinvse = dlag (le,l' le,Z' ey Ie,N)ZNszr Einvse

. (22)
= dlag (Ee,l' Ee,Z' . Ee,N)ZNsz

B. Dynamic model of the microgrid passive elements

Since the model of the internal connections of the microgrid
receives, as input, the two voltage components of each
inverter u,,. and has as outputs, the components of the
current delivered by each inverter i;,,s, the representation,
in state space, of the model contained in this block must have
the form:

d(Xur)
= Aurxur + BUuruur (23)

at
linps = CurXyr (24)
With:
qu
=cra Icig - Iena Ienvg Xava Xarg Xa: (
iinvs 1
=cia Iciq Icza lezg - lena Iowg]” )
uur=[E1,d E1,q Ez,d Ez,q EN,d EN,q]T

Where the state vector x,,. of this representation contains
the two components of the current of each inductor and of
the voltage of each capacitor connected to the microgrid.

For this case study, it is considered the grid shown in figure
2, which is based on the microgrid studied in [10]. This
figure shows the electrical circuit that represents one of the
phases of the microgrid. The generators are represented with
the sources vg,(t) (n=1,..,4), the line used for the
connection of each generator to the circular grid is
represented with R, and L, (n=1,..,4), the lines that make
up the circular grid that help in the distribution are
represented with R, and Lp, (n=1,..,5), inductive loads are

represented by R;,, and L;,, (n=1,..,5). On the other hand,
the resistors and capacitors R.,, and C,, (n=1,..,5) are
components added to the original grid to facilitate obtaining
the dynamic model.

Using the same subscripts, the current in the inverters
connection line is denoted by i, (¢t) (n=1,..,4), the current in
the distribution lines is indicated as ip,(t) (n=1,..,5), the
current in the loads are i,,, (t) (n=1,..,5) and the voltage over
each load (added capacitors) is denoted by v, (t)
(n=1,..,5). Note also that the directions of the currents and
the polarities of the voltages were all defined in the same
way for all branches of the same type.

Unlike the grid studied in [10], in this work at each node
where there is a load (inductive) there is placed, in parallel,
a capacitor and a resistor. This is done based on the strategy
proposed in [7], where a grounded resistor is added to each
node of the original grid so that the node voltage is well
defined. The addition of this resistor allows to write the sum
of currents in each node in a convenient way to simplify
obtaining the model in state space, however, it is necessary
to select that resistor so that it does not significantly affect
the behavior of the original circuit (resistor with relatively
high value).

Fig 2: Circuit representation of one of the phases of the microgrid
connections

Although adding that resistor makes it easier to deduce the
model, some matrix manipulations still need to be done to
get the final dynamic model. On the other hand, by adding a
capacitor in parallel to each of those resistors, makes the sum
of currents to be easily written and reduce the additional
manipulations that are necessary, using only the mentioned
resistor. These capacitors should also be chosen so that their
insertion has little effect on the behavior of the original grid
(capacitor with relatively high reactance). In counterpart, the
representation in state space of the circuit with said
capacitors has two more states for each node.

Even though a particular grid is addressed here, the circuit
of Fig 2 allows illustrating the procedure to obtain the model
without loss of generality. In this way, to obtain the model
of the grid of connections, its analysis is divided into 4 parts.
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C. Conductors between the generator and its connection
point (connection impedance)

The voltage on one of the conductors for any generator can
be written as:

D61(6) = s () = Loy 2O

“dt + Reqica (2)
: (26)
dic,(t) .
Voa(t) = Vaa(t) = Loy — 5+ Reaica ()
Using the first term in the series of the representation with
dynamic phasors, then:

N N R d (761 (t))
Ve1(®) = Vea1 (8) = Reqle () + Ly TR
+jwLe ]y
: @7)
L ] d (Tea(®)
Vea(t) = Veaa(t) = Realca(t) + Ly —a

+ja)LC474
Splitting equations in their real and imaginary parts, for any
of the 4 generators (n=1, 2, 3, 4), it is valid to write that:

[VGn,d (t)] _ [VCan,d (t)]

VGn,q (t) VCan,q (t)
I t
- “LZ?S (28)
d I t
L o)
Where:
O I AR

Thus, since the voltage of the generators is actually the
voltage of the inverters, that is, E;4(t) = Vg14(t) |
E1q(t) =Vg14(t), E3q(t) = Vgaa(t), E;q(t) = Vgpq(0),
etc; Together, the equations of the four generators ca be
written in a matrix form as:

d
IgxsEaqq — IcV¢a = Zcl¢ + L alc (30)
With:
L¢ = diag(Lcy, Lez, Les, Leadsxss Ze =
diag(Zcy, Zcz, Les, Zea)sxs
Ic = [Isxs  Osxz]sxi0
Edq

= [Epq(t) Eiq(t) Eyq(t) Epq(t) Esq(t) Esg
VCa

= [Veara(®) Vear,g(®)  Veaza(®) Veazq®) -V

I¢

=[e1,a@®) Ic1q(€) Ieaa(t) Icaq(t) Ieza(t) e
(31)

D. Line conductors (Distribution impedance)

The voltage on one of the conductors of lines 1 to 5 can be
written as:

dip,(t) .
Vea1(t) = Vea2 (t) = Lpq NPT + Rp1ips (1)

dip,(t) . (32)
Veaz(t) = Veaz(t) = Lp, NPT + Rp,ip,(t)

dip3(t) .
Vea3 () — Veaa(t) = Lps dt + Rp3ips(t)
dips(t) .
Veaa(t) — Veas(t) = Lpa % + Rpaipa(t)
dips(t)

Veas(£) = Vean (t) = Lps dt + Rpsips(t)
Following the same procedure of the previous section, for
lines 1to 4 (n=1, 2, 3, 4), there is:

[VCan,d(t) _ [Vc‘a(n+1),d )
VCan,q (t) VCa(n+1),q (t)
IDn,d (t)
- ZDn [IDn,q (t)] (33)

d IDn,d (t)
bn E [IDn,q (t)

With (n=1, 2, 3, 4, 5):

ZDn — [ RDn _wLDn]7 LDn — LDn 0 ] (34)

wLDn RDn 0 LDn
And for line 5:
[VCaS,d(t) B [VCal,d (t)]
VCaS,q (t) VCal,q (t)
Ips,a(t)
=17 ’ 35
D5 [IDS,q (t) ( )
d [Ipsq (t)]
+ Lps — ’
DS 4t |Ips o (£

Thus, the equations of the five lines can be written in matrix
form as:

IncVca = Zplp + LD%ID (36)
With:
Ip
= [Ip1,a(t) Ipig(t) Ipza(t) Ipgq(t) -+ Ipsq(t
Lp = diag(Lpy, Lpz, Lp3, Lpa, Lps)1ox10: Zp =
diag(Zp1, Zpz, Zp3, Zpa, Zps)1ox10
l2x2 _IZXZ
Iy2  —Iaxe
Ipc = Ly —Ixe
IZXZ _IZXZ
_IZXZ IZXZ 10x10

@7

Where all empty positions correspond to null matrices of
size 2x2.

E. RL Charges (Load impedance)

The phase voltage on each of the connected loads can be
written as:

diy, (t) ,
Vea1(t) = Lig l;i;t + Ry (0)
s (38)
diys(t) .
Veas(t) = Lis % + Rysizs(t)

Following the same procedure of the first part, for the 5
charges (n=1, 2, 3, 4, 5), it can be shown that:

[VCan,d (t)] _ [ILn,d (t)] i [ILn,d (t)

VCan,q(t) — in ILn,q(t) Ln dt ILn,q(t)
With:

] (39)

IJERTV 121 S020069

www.ijert.org

113

(Thiswork islicensed under a Creative Commons Attribution 4.0 International License.)


www.ijert.org
www.ijert.org
www.ijert.org

Published by :
http://lwww.ijert.org

International Journal of Engineering Research & Technology (IJERT)

I SSN: 2278-0181
Vol. 12 I ssue 02, February-2023

_ RLn _(ULLn] _ [LLn 0 ]
ZLn B (ULLn RLn ’LLn B 0 LLn (40)

Thus, the equations of the five loads can be expressed as:
d
LioxioV¢a = ZoI + LL%IL (41)
With:
I,
= [1,a@®) ITig®) Liag(t) Ipg) - Isq(t)
Ly = diflg(LLp Li2, Lis, Lias Lis)1ox10, 2L =
diag(Zy1, 212,213, Z14, Zi5)10x10

(42)

F. Resistance and capacitance added to each RL load
(additional impedance)

The current sums in one phase of each load can be written
as:

ic1(£) +ips(t) = i1 (8) + ip () +
d(vCal (t))

dt
ic2(6) + ip1(£) = i (1) + ipy (6) + ”C;iz(t)

d (vCaZ (t))

dt
i3 (6) + ipz (6) = 13(6) + ip3 (€) + %Tg(t)
d(veas ()

dt

ica(t) + ip3(t) = ipa(t) + ips(t) +
d(v(,‘azl-(t))

a4 dt
. . e 4 Peas®
ipa () = iz5(6) + ips(£) +— 5>
as

d t
+Cy (Uc;i( ))

Following the same procedure of the first part, for load 1 it
can be written that:

[Icm ®) [IDS,d ®)
Ic1,q(0) Ipsq(t)

Vca1 (t)
R

al

+ Cyq

+ Cypo

(43)

+ Cys3

Vcaa (t)
R

a4

[ICn,d (t)] + [ID(n—l),d (t)
ICn,q (t) ID(n—l),q (t)
_ [ILn,d (t)] + [IDn,d ®)
B ILn,q (t) IDn,q (t) (45)
+ Y [VCan,d (t)]
An VCan q (t)
+C d [VCan ,d (t)
An qt dt VCan q (t)
And for load 5:
[104,01 (t)] [ILS d (t)] [lps,a (t)]

Ipaq(t) I15,4(0) Ipsq(t)
Veas,a(t)
+Y, ’ 46
As [VCaS 7@ (46)
Veas,a (t)]
+C ’
AS de dt [VCaS,q (t)
With (n=1, 2, 3, 4, 5):
L —wC C 0
Ran an
Yan = Clem= o] @
wCan R_ an

Thus, the equations of the five loads can be written as
follows:

d
Inclc + IapIp = Lyoxtolr + YaVea + CAEVCa (48)
With:

Car= diflg(CApCAz'CAs'cAm Cas)ioxior Ya =
diag(Ya1, Yaz, Yas, Yasr Yas)1ox1o

Iap
[_12x2 Iox2 ]
IZxZ __IZXZ
= Iye  —lax
IZXZ __IZXZ
IZXZ __IZXZ 10x10
IZXZ
IZXZ
Iac = Iox2
Iox2
10x8
(49)

Where all empty positions correspond to null matrices of
size 2x2.

_ [ILl,d(t)] + [IDl,d(t)]
L1, Ip1,4(t) (44) G. Complete system
Y Vear,a(t)
At Vea,q () Once the equations of the 4 parts are considered, the state
d [V, ® vector is taken as:
+C Catd T T T TIT
ALae Vea1,q(t) wr =Uc" Ip” I Vea'l (50)
For loads 2 to 4 (n=2, 3, 4): Rewriting (30) in terms of the state vector, then:
IgxsEaq — [Zc  Ogxio Osx1o Iclxyr
L d [ (51)
Similarly for (36):
d
[010x8 —Zp Oioxi0 Ipclxw = Lp EID (52)
And also rewriting (41), it can be obtained that:
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d
[O10x8 O10x10 —Zp IlelO]xurZLL%IL (53)
Finally, for (48):

d
Hac Iap —lioxio —Yalxy = CA%VCa (54)

From the four previous expressions the complete system is
constructed as:

Igys
010x8
E
O10x8| %
010xs
—Z¢  Ogyo  Ogxio —I¢
O10x¢ —Zp Ogpxi0  Inc
+ X 55
O10x8 O1ox10  —Zy  lLioxao| ™™ (55)
L Inc Isp —lioxio —Ya

LC 08x10 08x10 08x10
010x8 LD 010x10 010x10 d

T Mur
010x8 010x10 LL

010x10 | dt

-010x8 010)510 010x10_ F:A
Thus, from the previous expression, it can be shown that the

matrices of (23) and (24) end up being:

Aur
Lc Ogxi0 Osxio Osxao] "[—Zc  Osxic
_|010x¢  Lp  Oioxt0 Oroxio| |[Oroxe —Zp
O10x¢ O1oxi0  Li  Osoxiof |[Oroxs Oroxa
O10x8 O10x10 Orox10 Ca Inc  Tlap
B“r
Lc  Osxi0 Osxio  Osxao] [ lsxs
—|%0x Lo Owxo Oroxio| |O10xs|
O10x8 Oroxi0  Li Oioxaof |Oroxs| ™
01068 O10x10 O10x10  Ca 010x8

[Isxs Osgx3ol

(56)
H.. Closed-loop dynamic model
From equations (14), (15), (20), (23) and (24) the closed-

loop model of the complete system for N inverters can be
written as:

Csis
linvsecinvs Einvsecur
[0 0 1]
- 0
[0 0 1y
Dsis
linvseDinvs

[0 0 1]Bgyoa

[0 0 1]Bgyon

I1l. CALCULATION OF THE QUIESCENT POINTS OF
THE MODEL

Since the construction of several of the matrices that make
up the model requires knowing the quiescent values of
several of the variables, it was necessary to find a way to
obtain them without having to appeal to simulation. Thus,
here is a way to obtain the values of the operating points.
The number of variables is determined considering that the
electrical connections of the microgrid has M; lines
connecting the grid nodes, M, nodes and M5 loads, with
2(M, + M, + M) variables.
Additionally, if there are N connected inverters, these would
add two variables for each voltage and another two for their
current. In addition, since in island mode, the frequency in
steady state is not known, this is another variable that exists,
so the total number of variables is 2(M; + M, + M; +
2N) + 1.
Since the model is presented in terms of dynamic phasors,
then from (23) in steady state, it can be said that:

0 = AyrXyr + Byurllyr (60)

This corresponds to a system of 2(M; + M, + M; + N)
linear equations that depend on the two components of the
voltages of each inverter (u,,.) and on the two components
of each current and voltage of the grid of connections (x,,;.).
Additionally, other 2N equations can be obtained from

% = Ay Xy + Buurtur (57) Error! Rgferenbce source not found., where for each of the
FAP,(E) ] mverte_rs it can be erFten
that (n=1, 2, 3, ..., N):
AQ, (1)
API\; (t) AXinps We = Won — kn,p (En.deICn,de + En,quCn,qe)
aQn(®) | = 5| A, ] + Datslttinvssw (58) |2 4o + E2 go = Eon (61)
Aw,(t)
: - kn,q (En,quCn,de
[ Awy ()] - En,deICn,qe)

Where: Where w, is the steady-state operating frequency of the
Agis system, Ey, qe s Enges Icnge and Icpq. are the quiescent
_ (Ainvs + BinvsPQlinvseCinvs) BinvspqEinvse Cur ( points of Fhe two components of the voltage and current of
- ByurCinvs Ay, 2 the n-th inverter, while k, ,,, k4, wo, and Eg, are the

(B- +B. L. D ) parameters of the droop curves for the n-th inverter.
Bgis = [ invsEW B '"‘]';PQ fvseinvs ] The missing equation can be obtained from the power
Uur Zinvs balance principle, that is, the total power delivered by the N
inverters must be equal to the sum of the power absorbed
and dissipated in the loads and lines:
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N
ZPnZPPD+PPC+PPRC+Ploads (62)

n=1

Where Pp, and Py are the losses in the distribution and
connection lines, Ppgc are the losses associated with the
resistance connected in parallel with each capacitor, Py,q4s
the power absorbed by the RL loads and B, is the active
power delivered by each inverter.

In this way, the power of each inverter can be calculated
from:

Pn = En,deICn,de + En,quCn,qe (63)

For a three-phase system, the losses, in each line of
distribution and connection, can be calculated from the
quiescent points of the components of said currents, such as:

PPD,n = 3RDn(IL%n,de + ILZJn,qe) (64)

Ppen = 3RCn(Ign,de + Icz‘n,qe)
Similarly, the power absorbed by each load can be calculated
based on the components of the load current as:

Pcarga,n = 3RLn(IEn,de + Ign,qe) (65)
Moreover, the losses associated with the resistance in
parallel with each capacitor can be found as a function of the
voltage components of the capacitors as:

Vé + V2
PPR(:,n =3 Can,d; Can,qe (66)
Can

IV. RESULTS AND DISCUSSION

The fidelity of the model obtained under the presented
procedure was evaluated using Simulink/MatLab, to do so,
the respective model obtained an the respective three-phase
system was simulated considering the circuit of Fig 2. The
parameters used for the simulation were taken from the
original grid studied in [10], but the operating frequency was
changed to 60Hz. On the other hand, the capacitors and
resistors that were not in the original grid, were selected so
that the power of each of them was much less than the power
of the charge connected to the respective node. The complete
parameters are summarized in table 1 Error! Reference
source not found.and table 2Error! Reference source not
found..

For the verification of the mathematical model, a model was
created in Simulink where the microgrid circuit was built,
using the respective electrical components. Furthermore, the
law of control through the droop technique was implemented
using the Clarke and Park transform to perform the
calculations of power and reference voltage in a
synchronous framework.

Additionally, in order to make it possible to compare the
assembled electrical circuit with the small-signal model
obtained, in the same Simulink model, the state space
representation block was used to simulate the mathematical
model obtained. Since this is small-signal model, a vector
with the respective quiescent points was added to the output
vector of the representation in state variables to facilitate
graphic comparison.

Having both representations (electrical circuit and proposed
small-signal model) in the same Simulink model, both were
simultaneously simulated by using the ode23t Solver (mod.

Stiff/Trapezoidal). Also, in order to evaluate the dynamical
response of the model, small steps were applied to each of
the adjustment points (Aw,, and AE,,) at different instants
of time; this to be able to compare the response to circuit's
step and the mathematical model obtained under the same
conditions. In this way, among other results, the curves
shown from Fig 3 to Fig 8 were obtained. Those figures
show the behavior over time for the active, reactive power
and frequency of each inverter as it is subject to sudden
variations in the reference voltage (Fig 3 to Fig 5Error!
Reference source not found.) and at the reference
frequency (Fig 6 to Fig 8).

Table 1 Parameters of the grid elements (adapted from [10])

n Resistance  Inductance[mH]
[Q]

Connection L 0.015 2.069
line (Rg,, 2 0.015 2.069
and L, ) 3 0.030 2.069

n 4 0.030 2.069
1 0.015 0.318
Distribution 2 0.175 1.846
line (Rp,y 3 0.120 0.318
Lpn) 4 0.150 0.318
5 0.175 1.846
1 300 477
Load 2 40 64
(RLn y LLn) 3 20 o4
4 50 95
5 40 64
Resistance  Capacitance [nF]
[kQ]
Added 1 407.789 0.389
capacitor 2 54.553 2.932

and resistor 3 50.000 0.003

(Recan ¥ 4 75.653 2.516
Cean) 5 54.553 2.933

Table 2 Inverter’s droop curve parameters (adapted from [10])

V,
In(\e/?rt rad/s k‘;;xs wo [rad/s Eq [Veys)
1 O 934 377.619 223
2 0.934 1.3 377.619 222
3 0.125 15 377.619 224
4 0.125 15 377.619 223

From the curves shown in Fig 3 and Fig 8 it can be seen that
the behavior of the circuit (in blue color) is very close to that
obtained with the mathematical model found (in orange
color). Only in a few time intervals instantaneous differences
are distinguished, however, on average the model obtained
always follows the same trend of the simulated circuit.
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Fig 6: Behavior of the active power delivered by the four inverters

From the results obtained with the comparison between the against sudden variations of the frequency set points

circuit and the model obtained, it can be seen that the
procedure explained in this document allows obtaining a

model that reasonably predicts the behavior of the analyzed : %L_‘ I %
microgrid. Thus, this model could be used to evaluate the R e AR M JW
stability of the system based on the variation of various g " ' i " ; m "
parameters, such as the characteristics of the lines and the
coefficients of the droop curves, among others. Additionally, ¥
since in this model it was considered that the set points could PR — mﬂunm T S j IWW‘
be varied, this model would also facilitate the design of the o !
controllers that are in the secondary level of control, in Y T % 23 3 2 1
charge of frequency restoration and voltage regulation. -
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Fig 7: Behavior of the reactive power delivered by the four inverters
against sudden variations of the frequency set points
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V. CONCLUSIONS

In this work, a complete procedure was presented to obtain
a model of small variations for an AC microgrid controlled
by the droop technique. This procedure is based on the use
of dynamic phasors, which is a tool that, according to the
literature, allows to predict with greater certainty the
dynamic behavior of the microgrid variables and to
determine the stability of the power system from its
eigenvalues.

Despite the fact that the procedure shown here is based on
strategies found in the literature, in this work, two
modifications are included and the step-by-step procedure is
shown including the calculation of the equilibrium points,
which is not always clear in the literature or sometimes they
are obtained by simulation.

One of the modifications made in this procedure is the
consideration of capacitors in the microgrid nodes. This
eases the obtaining and manipulation of matrices associated
with the connections of the grid; In addition, it facilitates the
analysis of the voltages on the nodes from the representation
in state variables of the system. In this work, the values of
those capacitors and resistors added to the microgrid were
adjusted, so that they do not significantly alter its dynamics,
however, the values of these components could also be used
to model the capacitance and conductance of the line or to
model loads with leading power factor.

The second modification made in the shown procedure is the
consideration of the variations of the adjustment points.
These variations behave as inputs to the model, making it
easy to assess the fidelity of the model to the simulated
circuit. Furthermore, these variations can be used for the
design and analysis of controllers that, based on variations
of the set points, seek to regulate variables such as
frequency, voltage and power.

As future works, strategies should be explored that allow the
possibility of modeling load variations from exogenous

variables to be added to the model obtained. Additionally,
from the model obtained by this procedure, the possibility of
designing control strategies for microgrids subject to load
variation and changes in the configuration of the microgrid
structure should be explored.
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