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Abstract - The development of a small signal model that
accurately reflects dynamic processes plays an essential role in
the stability analysis and control of power systems. The main
components in a microgrid power system are synchronous
generators, the electrical network, electrical loads, and inverters.
A method to derive the microgrid state-space model is proposed
in the article. This method is based on linearized models of
synchronous generators, electronic power inverters, networks,
and loads. This model can be further developed to account for
microgrid control schemes such as frequency control and voltage
regulation. A small-signal analysis of the Microgrid model is also
carried out in this work.
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1. Introduction

The increasing penetration of distributed energy
resources such as wind and solar is a trend that has been
observed in many electric power systems [1]. However, the
control and operation of distributed generation sources
(DG), especially those of inverter-based generators, have
many differences compared to the operation and control of
conventional power systems. A microgrid (MG) can be
established by connecting DG and local loads, which
operate both in grid-connected and islanded modes. This
can help increase the flexibility in the operation of DG and
the reliability of the whole system [2], [3]. The typical
structure of a MG is shown in Figure 1.
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Figure 1. Typical structure of microgrid

Some of the distinctive features of the MG operation
and control can be described as follows: i) The rotating
inertia of the MG system is usually small, compared to that
of a large synchronously connected grid, because the

inverter-based sources have inherently zero inertia;
ii) The MG usually consists of low/medium voltage
networks which have low X/R ratios. On the other hand,
conventional transmission systems have high X/R ratios,
which makes the active power transfer primarily dependent
on angle difference; iii) The primary generation sources in
microgrid are variable sources (e.g., wind and solar) which
are stochastic and uncertain. The uncertain nature of these
sources has a significant impact on the control and
operation of MGs [4], [5].

In the grid-connected mode, the voltage and the
frequency stability depend on the dynamics of the grid. On
the other hand, in the islanded mode, the voltage and the
frequency stability are heavily influenced by the internal
dynamics of MG [6]. The control of the power distribution
between DG and of bus voltages is carried out by the
control system of DG [7]. Depending on the specific
control scheme [7], a DG can operate like a current source
inverter (CSI) or a voltage source inverter (VSI). In the
islanded mode, the VSI/CSI control scheme plays a vital
role in small signal stability.

In the small signal stability analysis of traditional
electric systems, the time constants of electromechanical
oscillation are much higher than time constants of network
transients. Therefore, the network transients can be omitted
[8]. Because of the reduced inertia in MG, ignoring
network transients is no longer suitable. Some MG small-
signal models are proposed in [9], [10]. In [9], the MG
small-signal model with the central element being VSI is
proposed. However, this model does not account for DGs,
which are based on synchronous generators. The proposed
model in [10] is based on synchronizing individual models
in rotating reference frame dg. The connection of each
individual model is based on an equation of bus voltage
vectors at the nodes in the grid, so it is difficult when the
number of nodes in the grid is high.

This article proposes a method to formulate a MG state-
space model, with the following features:

- Including a variety of DGs, which are synchronous
generators, voltage source inverters;

- Considering the network transients,
transmission lines and RLC loads;

- DG models are modified so that the input and output
vectors match the input and output vectors of the grid;

- The models are synchronized following only one
rotating reference frame.

including
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2. The state space model of microgrid

For the sake of convenience in developing the state-
space models of different elements, the dq rotating reference
frame is employed. First, each element is modeled in a
separate local rotating reference frame (dg"). The exchange
of the quantities on the abc axes to rotating reference frame
dq is based on the Park transformation formula [8].

When combining the elements, it is necessary to
transfer the local rotating reference frames dg" into the
global rotating reference frames dg® [11]. The relationship
between the frames is:

K% ~ {cos&n —sin 51 fy )
| sing,  cosd, |
Linearizing (1) leads to:
(A8 [coss® —sins?][af)] [-£3

H 0o || e [F] o |2 @
| Afy sing, coss, || Afg f2

where: §n :[fd” fq”T;fg :[fdg 9 T are respectively the

quantities in the local rotating reference frame (dq") and the
global rotating reference frames (dq?); &, is the angle
difference between two axes dg" and dqg¢. The subindex “0”
denotes steady-state operating values.

2.1. Synchronous generator model

The small-signal model of a two-pole, three-phase
synchronous machine is presented in [12]. The differential
equations that describe the voltage equations between the
elements in a synchronous generator and are introduced in
the matrix form:

d
VE=G.I*+H=(I°
G.I"+ Olt( ) 3
C s s e = = - T
Where: v :[Vququlvquvdede o :[Iqldlkqllqulfdlkd] are
vectors of voltages and currents of the stator windings (qg,d),
damper windings (kql, kg2, kd) and field winding (fd).
The swing equations:

2Hdo — —

gE:Tm -Te 4
ds (o -wg)

dt —“% g ©®)

where w is rotor angular speed; H is the inertia constant of
rotor and load; T, T, are the mechanical and airgap torques:

Te = Xppg (Hg +igg +ig) = Xing (Hlg +iigr +iig2) (6)
Linearizing the above ddifferential equations yields:
EA ).(g =FAx, +u @)

The vector of the states variables is as follows:

AX, = {AiindAikqlAiquAifdAikd Aw“:m}

The vector of input parameters is:

-
u= [Avq AVy AV AV o AV 1y AV ATy J

Combining (2), (3), and (7) and transposing the matrix,
we get the state-space model:

AXg = AAXy +B{AV® +BJAU® ®)
In formula (8), the input variables can be broken down into:
AV = [Avq Avy T AUS = [Avfd AT, JT

Thus, the synchronous generator model has the vector
of input variables being voltages, and the vector of output
variables being the electric currents.

2.2. VSI inverter model
The overall control diagram of a grid-connected DG
through the VSI is shown in Figure 2 [10]. The VSI model

consists of two main elements: i) the power circuit
connecting VSI and the grid; ii) the VVSI controlling system.
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Figure 2. The overall control diagram of VSI

The main control system consists of two inner current
control loops following the two axes of dg, and two outer
power control loops, which send the reference value to the
two inner current control loops. The secondary control loops
determine the set point values (active and reactive power).

2.2.1. The VSI coupling circuit
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phase VSC i

Figure 3. The circuit diagram of VSI

The coupling circuit is described by means of the
following differential equations:

. d.
Rf lape + Lf alabc = Vt.abc — VDG, abc (9)

Through the Park transformation, (9) is converted into
the rotating reference frames dg™:

LI R +i(v ~Voo.q)
dt d Lf d (] Lf t,d DG,d

10
d, _ R, a)i+1(v Voo.q) ao
e =57 g™ d T \Vt.g " VDG,
[ T P a

By changing variables to decouple the quantities on two
dqg axes, we can obtain:
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Va =Vid ~Vogd +@rLilg
i . GEN
Vg =Viq —Vbe,q — @ Lilg

Combining (10) (11) and re-writing in the matrix form:

alig] [-Re/Le o Ti] [vL, o v,
atlig || 0 R/ |lig|T] 0 1L ||y,

Linearizing (12), combining with (2), and changing the
frames of dq" into dq?, one obtains:

AXpe = AsAXpg +BEPC AV +BIAO+BY Aw,

(13)
+BpMAv,
With: axpe =[ Mg, |1 Avg =[ Avgav, |

AVpg = ':AVDG,d AVpg g :|T ;

The power circuit model is shown in Figure 4.
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Figure 4. The VSI power circuit model
2.2.2. The VSI controlling system model
a. Phase-locked loop (PLL)

The determination of the rotational frequency of the
local rotating reference frames dq" and the phase difference
angle 6" plays an important role in connecting VSlIs to the
electricity grid, and this process is done by the PLL [13].

The linearized dynamic model of PLL:

Aowr = kpII 'kprwref - kpII 'kprwr
+Kon -Kiy, (Aeref _AH) (14)
A = Aw,

b. Power controller

A power controller consists of two loops, which are
responsible for controlling the active power P, and the
reactive power Q, as shown in Figure 5. Prer, Qrer are the
respective reference values provided by the secondary
control [5]. Pout, Qoutare determined by the electric currents
and voltages in the dq frame, as follows:

3 . .
Qout = E(VDG,qu —VbG,d Iq)
(15)

3 . .
Pout :E(VDG,dId *Vpg qf )

The dynamic model of the power controller is:

d.
aliq = Qrer —Qout
(16)

d.
—lig = Pt —Fout

(12) Combining (15)-(16) and linearizing, we have:

: 3.0 L0 0 L0
Alig = AQres —— (Vpg qAly +igAVpg q —Vpg,aAlg —igAVpg 4)

z (17)
Alid = APy _E(VgG,dAid +i§ AVpG 4 +VDe g Al +igAVDG o)

Figure 5. The power controller
From that, it is possible to identify 4i,.., Ai.,
Ai

3 0 i L0 0
aref =% Kpq (VD qAlg +13AVpg q — Vg aAig

_ igAvDG’d )+ KpgAQues + Kigiig )

; 3 0 Ai L0 0 A
Algres = _Ekpd (Vbg,4Alg +igAVpg ¢ +Vpg qAlg
.0 .

+ |quDqu) + kpdAPref +Kiglig

c¢. Current controller

The low-pass filter in the current controller consists of
two Pl compensators shown in Figure 6 [14], [15]. The
symbol "f" denotes the filtered quantities.
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Figure 6. Current controller

The differential equations of the linearized current
controller are:
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d . - f
EAvid = Algrer — Al

19
q (19)
aAvlq = A qref Al

The vectors of voltages at the connection point of a DG
[Vea veq] Can be represented by the following state
variables:

. (20)
AViq = AV) + o Lg Al +Kip AV, o + Ky AVig

From (14), (17), (19), (20), one can obtain a controller

state-space model:

AXc = ALAX, + BXPC Axpg + BYPC
+BYPCAup +BIAG

d
Avpg + ByYAy, 1)

.
where: Ax, _[Avd AV Aig Aig AV AV A Al Aa;,AHJ

AuDG - [A ref AQref Agref Aw, ref :|

The full mathematical model of DG is represented in
the system of equations (13), (21). In this model, the
current vector is the input, and the voltage vector is the
output.

2.3. The network model
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Figure 7. General inductive branch diagram
2.3.1. Inductive branch model

The general diagram of the branch connecting node j to
node k is shown in Figure 7. The branch equations can be
written as follows:

di

I-i l;tlbc +Ri I| abc — V] abc — Vk,abc (22)
Converting (22) to the dq coordinate system yields:
dii:—&i + +iV» —iv

dt Li id s'iq Li j.d Li k,d

dii=—&i- — +iv- —iv )

dt Li iq stid Li j.q Li k,q

Extending (23) for n branches in the grid, linearizing
and writing in matrix form yield:
Axer = Ag, AXg, + By, Avy, (24)

. . LT T
AXy Z[AllquIqu...Alnqu ;Avy :[AvlquVqu...Avnqu

Agr = diag[ABrlABrZ"'ABrn :lZnXZn ;Bar :I:BBrlBBrZ"'BBrn :IT

R 0N 1 0 .. -t 0
L L L
ABri = R. ;B Bri — 1 1
-0, —— 0 = 0o -= ..
L L L 2x(2m)

2.3.2. Load model

In this work, we consider the RL load. The differential
equation for this type of load is as follows:

j,abc (25)

Writing (25) for m loads connecting to m nodes and
linearizing, one obtains the following:

Lj diIoadj

+ Rj'loadj =V

dijgagjd Rj. . 1
a _L_j loadjd T @sNoadjq +L_jvj,d
. 26
d'loadjq _ Rj . . 1 (26)
“a _L_jlloadjq — Wslioagjd +L—Vj,q

i
Writing (23) for n branches in the grid, linearizing, and
writing in matrix form yield the following equation:

AXLoad = Ay gag AX gag + BLoad AV @7)
) . . . T
Where: AXIoad = [Alloadlqulload 2dq "'Alloadmdq :I
Acag = diag I:Aloadlpﬁoad 2Proadm :|2mx2m

-
BIoad = [BloadlBload 20 BIoadm :|

. @, 1 0
j . L
A10adj = R I Bloadj 1
-@, - _ ... 0 =
L. L i

2x2m
Combining (24) and (27) lead to the grid state-space model:

AXN = Ayer AXy + Byer Avy (28)
. T
where: Axy =[ Axg, AXjgyq |

. T

ANET :dlag[ABerad :|; BNET :[BBr Bload] ;

The vector of the state variables includes the current
across the inductive components, the voltage across the
capacitive components with inductive  networks
vw=[vav,]"s v\ =liai,]". The voltage vector is the input
variable, and the current vector is the output variable.

2.4. Microgrid general model

The diagram describing elements interconnection is
shown in Figure 8. All elements need to have currents as
input and voltages as output to interface with the grid
model [16]. Therefore, it is necessary to modify the source
model of the DG by adding a parallel connection with a
capacitor of sufficiently small value. With the DG model
being modified to take currents as input, the small-signal
model of MG is shown in Figure 8.

The MG model shown in Figure 8 is the result of the
combination of (8), (13), (21), (28):
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AXme = AygAXyg + BucAlme

AYnmg = CueMme + DugAlve

(29)

. T
where: Axye = AX;AXpg AXoAXye |

Figure 8. Microgrid general model

3. Case study
3.1. System parameters

The proposed state modeling method is applied to a three-
node MG, shown in Figure 9. Parameters of the elements in
the schematic are given in Table 1, 2. The proposed modeling
approach is implemented in Matlab/ Simulink.
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Figure 9. Microgrid in case study
Table 1. Branch and load parameters

Sb =10 MVA; Vb=13.8kV | Load1 | 1.65+j2.02 MVA
Line 1| 0.2087 +j0.3692 pu | Load 2 | 2.3 +j 1.47 MVA
Line 2| 0.3468 +j0.5329 pu | Load 3 | 1.8 +j 0.6 MVA

Table 2. Source parameters

DG2 — Synchronous Gen DG3, Sh =3 MVA
Sb =5 MVA; Vb= 13.8 kV Power electronic interface
ra 0.0052 pu Ls 0.1mH
Xd 2.86 pu Ry 2.4 mQ
Xq 2.0 pu Kpi 1
Xikd 0.0208 pu Kow 313
Xird 0.6157 pu Kiw 10000
Xid 2.68 pu Kpd 0.06
Xtd 3.2757 pu Kpq 0.028
Xis 0.2pu Kpi 0.205
Ikd 0.1381 pu kii 1.6

rid 0.0026 pu Kor 0.205
H 29pu Kir 1.6

3.2. Eigenvalue analysis

Table 3 shows the eigenvalues of the MG model in
Figure 9 in the grid-connected mode. All 28 eigenvalues
have negative real parts. Eigenvalues from 1 to 18 are 9
pairs of complex conjugates, representing 9 modes of
oscillation in the system.

The eigenvalues 1 to 14 characterize the electrical
oscillation between the DGs and the grid. The eigenvalues
15 to 18 characterize the mechanical oscillation between
the DG2 rotor and the system.

Table 3. Eigenvalues of MG

vaigs | Rl W9) | m(a98) | Gl | | ey
12 | 9113 | +56285 | 1920 [-33333| 0
34 | 9784 | +48709 | 21 [-27688| 0
56 | -15829 | +36536 | 22 |-257.73| 0
78 | -14569 | +37007 | 23 [ 9265 | 0
910 | -22240 | 3770 | 24 | 3612 [ o0
1122 | 601 | *3757 | 25 | 826 | 0
1314 | 7124 | +3638 | 26 | 826 | 0
1516 | -0.80 +137 27 | 215 [ o
1718 | -55.15 +16 8 | 042 | o

3.3. Sensitivity analysis

To determine the optimal control parameters in the grid
separated mode, we examine the parameters in the Pl
controller within the power control, which are kg and Kpg.

Figure 10a shows the trajectories of the eigenvalue pair
(7,8) when kg varies from 0.01 to 0.9. Notice that when the
koa value increases, the eigenvalue pair tends to move
towards the increasing damping coefficient and vice versa.

Similarly, Figure 10b shows the trajectories of the
eigenvalue pair (5,6) when kpyq varies from -0.9 to -0.01. It
can be observed that when the kpq is increased, the
eigenvalue pair tends to move towards the decreasing
damping coefficient and vice versa.
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Figure 10. The orbits of the eigenvalue pair (7,8) and (5,6)
when kpg and kpq change
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3.4. Step response and frequency response

The small-signal model in (29) is used to analyze
responses in the time domain and frequency domain. We
apply a step change in power (Pr3) and observe the
changes in voltage variables (Prer3).
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Figure 11. Response voltage Vdgs from Pres
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Figure 12. Response of voltage Vags from Qrefs
Figure 11, 12 shows the time response of the voltage
parameter Vg3 When step changes of Prers and Qrerz are
applied. The response time and output voltage responses
can be easily observed.
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Figure 14. Vags / Qrets bode diagram

Figure 13, 14 shows the bode diagrams of transfer
functions between Vg3 / Prers, and between Vqz / Qrers. The
Bode plot shows that the bandwidth of input/output is
approximately 100Hz. This information can be utilized to
provide a balanced solution between the bandwidth of
input/output transfer functions while maintaining the
small-signal tability of the system.

4. Conclusion

The development of a small signal model of microgrids
plays a vital role in their stability analysis and in
determining their optimal control parameters. The MGs
have many different characteristics from the traditional
grid in terms of small-signal stability. The fundamental
difference comes from DGs dynamics being influenced by
the electronic-based power converters with zero inertia.
Besides, in studying MG stability, it is necessary to
consider the electromagnetic transients on the RLC circuits
of the transmission lines.

The article proposes a method to derive a small-signal
model of DGs consisting of synchronous generators,
inverters and RLC network circuits. The article also
proposes an approach to connect different element models,
thereby building a full microgrid model including typical
components of DG, taking into account the network
transients. The eigenvalue, sensitivities, time, and
frequency responses of the built model have been analyzed.

In future works, the proposed small-signal model can
be augmented with the secondary control loop to study
different MG control strategies and their robust stability
characteristics.
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APPENDIX

The state-space matrices of the power circuit and control system of
VS| are described in (13), (21).

Power circuit of VS| from (12)
AXDGn = AnAXDGn + Br\{ququn (30)
Vector Axpgp and Avpg, need to be expressed in the global rotating
reference frame dq®

AXpg :TI’?AXDGI’} + ig*A5

0 0 (31)
AVpg =T Avpgp +V5AS
0 <0
Where: i =[-ig%,ig°1" ; v} =[-vE0v§OI ;0 _| %% ~sinén
sin&,? cosb‘,?
0\ oyt
AXDGn Z(Tn ) AXDG —(Tn ) I5A§
(32)

-1 -1
AVpgp = (T,? ) AVpg —(T,gJ ) ngd

The differential equation of (31)

AXDG =TRAXDGN+13 & =TY (AyAxpgn + BYAVgq) +13 &
-1 -1 . (33)
-10A, (Tr?) Mpg ~TOA, (Trf’) 940+ OB Avgq +i3 5

In (33), A& can be deduced as a function of voltage angle A@ in the
local dg" reference frame.

-1
AS= Mn(Tﬁ) AVpg — A0 (34)

0 0
B —VDG,q VDG, d
= 2 2 2 2
0 0 0 0
(Be.a) +(bea) (Boa) +(vBes)

The state-space equation in (13) is obtained by substituted for A&
from (34) to (33):

(35)

AXDG = ApAxpg + BEPC AV + BEAO+ BE Awy

vd
+Bp qAqu

-1 -1
Where: Ay :T#.%.(Tno) ; BDC = B{f”.Mn.(Tr?)

1 _
B,‘f”:—Tr?.Ah.(Tr?) iQ; BS:Tr?.An.(Tr?) 19 BE" =i =i, ~ig°T" ;

Bqu _10 1/L¢ 0
p =Tn-
0 1/L¢

Control system of VSI from (14), (17), (19), (20)

.
AXc = ACAX + BXDGHAXDGr1 + B‘\:/DGHAVDG“ + BgquVt

(36)
+BCDGAUDG
The state-space model in (21) is obtained through expressing

AXpgn and AVpg, in the global rotating reference frame dgg.

.
Axc = AcAxg + BXPC Axpg +BYPC Avpg + BYAy,

+BYPCAupg +BIA0
-1
Where XP6 = Bg‘DG”.(Tr?)
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T
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Bgdq:(o 0 1/T, O

0000000 O,
00 0 1/T, '
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-1 -1
B = Bé(DG”.(TnO) ig+ BXDG”.(Tr?) v



