Aalborg Universitet AALBORG

UNIVERSITY

Model Order Reductions for Stability Analysis of Islanded Microgrids With Droop
Control

Mariani, Valerio; Vasca, Francesco; Vasquez, Juan C.; Guerrero, Josep M.

Published in:
| E E E Transactions on Industrial Electronics

DOl (link to publication from Publisher):
10.1109/TIE.2014.2381151

Publication date:
2015

Document Version
Early version, also known as pre-print

Link to publication from Aalborg University

Citation for published version (APA):

Mariani, V., Vasca, F., Vasquez, J. C., & Guerrero, J. M. (2015). Model Order Reductions for Stability Analysis of
Islanded Microgrids With Droop Control. | E E E Transactions on Industrial Electronics, 62(7), 4344-4354. Article
6985720. https://doi.org/10.1109/TIE.2014.2381151

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

- Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
- You may not further distribute the material or use it for any profit-making activity or commercial gain
- You may freely distribute the URL identifying the publication in the public portal -

Take down policy
If you believe that this document breaches copyright please contact us at vbn@aub.aau.dk providing details, and we will remove access to
the work immediately and investigate your claim.


https://doi.org/10.1109/TIE.2014.2381151
https://vbn.aau.dk/en/publications/09b86069-5923-4845-81a5-c5add7509afb
https://doi.org/10.1109/TIE.2014.2381151

Downloaded from vbn.aau.dk on: December 06, 2025



Model Order Reductions for Stability Analysis of
Islanded Microgrids with Droop Control

V. Mariani, F. Vasca, Senior Member, IEEE,
J. C. Vasquez, Member, IEEE and J. M. Guerrero, Senior Member, IEEE

Abstract—Three-phase inverters subject to droop control are
widely used in islanded microgrids to interface distributed energy
resources to the network and to properly share the loads among
different units. In this paper, a mathematical model for islanded
microgrids with linear loads and inverters under frequency and
voltage droop control is proposed. The model is constructed by
introducing a suitable state space transformation which allows to
write the closed loop model in an explicit state space form. Then,
the singular perturbations technique is used to obtain reduced
order models which reproduce the stability properties of the
original closed loop model. The analysis shows that the currents
dynamics influence the stability of the microgrid particularly
for high values of the frequency droop control parameters. It
is also shown that a further reduction of the model order leads
to the typical oscillator model which is not able to predict the
possible instability of the droop controlled system. Numerical and
experimental results demonstrate the validity of the proposed
models.

Index Terms—Droop control, microgrids, power systems
stability, power systems modeling.

I. INTRODUCTION

Microgrids consist of interconnected distributed storages
and energy resources that supply for local loads power
demand. Typically, the energy resources are interfaced to
the network via suitably controlled inverters. A widely used
control technique for the distributed energy resources inverters
is the droop control, which was initially proposed in [1] to
mimic synchronous generators. The droop control allows to
properly support the power demands without communication
among the inverters [2], [3], [4]. This control technique has
been also adapted in order to fit scenarios such as non
inductive line impedances [5], [6], dynamic and nonlinear
loads [7], [8], [9], unbalances [10], [11], [12], transitions
between islanded and grid-connected modes [13], [14], [15].
Specific solutions in order to mitigate some drawbacks such as
the slow transient response [16], [17] and the inherent trade-off
between power sharing capabilities and frequency/voltage
regulation [18], [19] have been also proposed. A hierarchical
design and a nonlinear outer control loop to overcome some
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issues related to droop controlled inverters in microgrids are
proposed in [20] and [21], respectively.

The nonlinearity of the droop control laws makes the
determination of a closed loop model a nontrivial task,
even in presence of few inverters and linear loads. On
the other hand, an accurate model is crucial for a
precise and rigorous assessment of the microgrid stability.
Different approaches and techniques have been proposed in
the literature to model microgrids with droop controlled
inverters. In [21], [22], [23], the electric passive network
is represented as an interconnection of impedances at the
nominal frequency. The stability of the corresponding closed
loop small-signal models does not depend on the droop control
parameters. In other papers, either by means of dynamic
phasors [24], [25], [26] or by taking into account relevant
dynamics according to specific scenarios [27], [28], the closed
loop model of the microgrid is shown to be unstable for large
droop control parameters. In [29] and [30] the stability analysis
of droop controlled inverters is approached via contraction
theory. In [31] the stability condition is formulated as a
synchronization problem of generalized Kuramoto oscillators.
According to this framework, the stable equilibrium point
of the system is achieved when all the microgrid inverters
generate voltages with the same frequency. The model in [31]
does not consider the dynamic equations of loads and
currents. On the other hand, in some situations such dynamics
become prominent and can strongly affect the stability of the
microgrid [32], [33]. In particular, the small-signal models
analyzed in [34] clearly highlight the presence of unstable
behaviors for large values of the droop parameters.

In this paper, a systematic approach for the construction of
a dynamic model of three-phase AC microgrids with inverters
under classical voltage and frequency droop controls is
presented. The adoption of a state space transformation based
on “local” rotation matrices allows to write the model in a state
space explicit form which also includes the line and loads
dynamics. Differently from [34], the rotation matrices used
for the proposed state transformation do not have a common
reference frame and are directly applied to the nonlinear
large signal model. Moreover the proposed model does not
consider the powers filters neither the filters at the output of the
inverters, which is an intriguing assumption because it makes
more complex the derivation of the closed loop equations.
Indeed algebraic loops are present because the powers used
in the droop controller are not considered as state variables.
The model shows the presence of unstable equilibrium points
for large values of the frequency droop control parameter.
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Fig. 1. AC microgrid in islanded-mode with two inverters and two local
loads. The superscripts r,s and t refer to a three-phase balanced system.

By using the singular perturbations technique, reduced order
models at different time scales are derived and it is shown
that their stability reproduce that of the original closed loop
model.

The rest of the paper is organized as follows. In Sec. II a
closed loop model of a three-phase AC microgrid consisting
of two inverters under frequency and voltage droop controls,
a resistive-inductive tie-line and two local resistive-inductive
loads is derived. In Sec. IIl, by applying the singular
perturbations technique, reduced order models corresponding
to different dominant time-constants are obtained. It is also
shown that the proposed reduced order models can be veiwed
as a generalization of the classical Kuramoto oscillator model.
In Sec. IV, numerical simulations show that the reduced order
models are able to estimate the droop control parameters
for which the corresponding full order model is unstable
while, on the contrary, the model with Kuramoto oscillators
is always stable. In Sec. V experimental results on a real
microgrid validate the proposed models and confirm the
possible existence of unstable behaviors. Sec. VI concludes
the paper.

II. MICROGRID MODEL UNDER DROOP CONTROL

An equivalent circuit of the three-phase AC microgrid under
investigation is depicted in Fig. 1. Two inverters and their
corresponding balanced resistive-inductive local loads, with
resistances R,, R and inductances L,, L, respectively, are
connected through a balanced resistive-inductive tie-line with
resistance R, and inductance L.. A wide class of more
complex linear topologies of microgrids can be recasted in
the equivalent structure shown in Fig. 1 by using standard
ciruit theory transformations.

A. Open Loop Model

Assume each inverter is represented by a three-phase
ideal voltage source generating a symmetric direct voltage
sequence. By applying the Kirchhoff voltage laws to the
equivalent circuit depicted in Fig. 1 and by representing
voltages and currents in a stationary reference frame indicated
with superscripts o and /3, one obtains

d

L%igﬁ’ = — Ryit” +ul”, k=a,b  (la)
d

L%igﬁ = — Ri%? 4 u2P —u”, (1b)

where the index k& denotes the inverter and

u,” = (u? u’g)T, k =a,b, (2a)
2% = (i i)', k —a,b, (2b)
i0f = (ie i), 20)
iof = (is, i), k=a,b,  Qd)

are the vectors of inverters voltages (inputs), local loads
currents (state variables), line currents (state variables) and
inverters currents, respectively. The state space equations (1)
correspond to a sixth order dynamic model. The model (1) is
usually rewritten in a rotating reference frame synchronous
with the common nominal frequency, say w. Instead, in
this paper a different rotation matrix for each current
vector is considered. In particular, the following state space
transformation is defined

ida INCA 0 0 ioP
i = 0 L'(6,)! 0 Il I G)!
ida 0 0 [(0,)7%) \io?

where the superscripts d and ¢ denote variables in rotating
reference frames, the rotation matrices are given by

cosf, —sinf
F(ek) = < § cos 9:> )

sin 0y,

and 6j is the angle that in the closed loop model will be
determined by the droop control of the k-th inverter. The
choice (3)-(4) is similar to the transformation considered
in [34], but for the proposed model no common reference
frame is considered which allows to ‘“decouple” for each
inverter the active and reactive powers expressions with respect
to the corresponding currents components, so as it is shown
in next Subsection. Note that the current i¢# is transformed
by using the rotation matrix of the inverter a (or analogously
one can choose the angle of the inverter b). By using (4) one
can write

k=ab, (4

— d d
0 1) O, (5

d
-1 9 _ a _ a
LOk)™ 1) = <1 o) a = a

0 -1
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Moreover, from (4) it follows that

with

F((S)_l = F(ea)_lr(eb)’ (N

where § = 6, —60,. By applying (3) to (1) and by using (5)-(7)
one obtains

d 4
—1

Lr gy

d
9= Ryt — Lkszaek iUl k=a,b,

(8a)
d d
L%igq = — Rgida— LeQ—0, id9 4 d9 — 0 (8) " ua.
(8b)

The state variables of the open loop model (8) are the local
loads currents iiq and the line currents igq, while the inputs
are the inverters voltages uzq and the angles ;. The choice



of the rotating reference frame synchronous with the voltage
generated by each inverter implies that
uzq = (uf uZ)T = (U O)T, k=a,b. (9)
The condition (9) will be exploited in order to obtain
an explicit state space form of the closed loop dynamic
model under droop control. It is important to stress that the
construction of the model (8) does not imply any apriori
synchronization assumption of the two inverters.
The “local” frequencies (d/dt)0; and amplitudes Uy
in (8)-(9) are determined by the controllers which implement
the frequency and voltage droop laws

d _
£9k =w + my(Py — Py),

Ui =Uy + n(Qr — Qx),

where w is the nominal frequency, U, are the voltage
references, my, and nj are the frequency and voltage droop
coefficients, P, and Q) are the active and reactive power
references, Py, and @)y, are the active and reactive powers. The
closed loop model will be obtained by expressing the powers
as functions of the microgrid state variables.

Notice that the active and reactive powers are invariant
under rotations, therefore, the choice of the synchronous
reference frames defined by (3)-(4) does not affect the
particular implementation of the droop controllers (10) in a
real system. Moreover, the two initial conditions of (10a) are
independent.

k =a,b,
k =a,b,

(10a)
(10b)

B. Closed Loop Model

In order to derive a closed loop model from (8)-(10), the
powers Pj, and @ must be expressed in terms of the variables
idd, igq, 99 and 4. To this aim define

I k=a,
I'w(6) = {

b, (11)

—T(0)

where [ is the identity matrix of suitable dimensions. Then,
by using (9) one can write

Py :(ugb’)T igkﬁ = (Uzq)T ZSE = Ukigkv k =a,b,
(12a)

Qr =(up?) Qi = iy QG = ~Ukily, k=a,b,
(12b)

where the inverters currents in the rotating reference frames
can be expressed as

i = T(0y) 107, k= a,b. (13)

The voltages Uy can be explicitly expressed in terms of
the inverters currents igk by combining (12b) and (10b). By
solving the corresponding algebraic loop one obtains

_ Uk + nQr

Uy, = k=a,b, (14)

1-— ni ig k ’

From (14) it is clear that in order to obtain the closed loop
model in explicit state space form one needs to express the
inverters currents iig, with k = a,b, in terms of the state

variables i1, 799, 749 and ¢. By applying the Kirchhoff current

laws to the circuit in Fig. 1 one can write

08 = joB 4 joB (152)

P =P —iob. (15b)

By using (13) and (15), together with the inverse of (3),
with simple algebraic manipulations one obtains

dq __dq -dq
Zok' _Zk +Fk(5)zc )

where I';(0) are defined in (11). By substituting (12) and (14)
in (8)-(10), the closed loop model of the microgrid under droop
control can be written as

Lkd‘d Xk .d
q(I+R Q)qu

k =a, b, (16)

Ry dt ¥ Ry . )

- %:ka (Pk - likj::zgj igk) i

ém ((1)) , k=a,b, (17

%%igq =- (1 - ;9) idd

- %Qma (Pa - Wz%) ida

= éj;brj(é)l m (é) , (17b)

%5 =m, <Pa - mi5a>
—my (Pb - Ulbj_qz;zb igb) - (17¢)

The closed loop model (16)-(17) is a seventh order system with
state variables izq, igq and  with k = a, b. Note that the output
currents zg,(c‘ depend on all seven state variables through (16),

which makes the closed loop model rather complex.

III. REDUCED ORDER MODELS

The simple microgrid topology considered in this paper can
be viewed as a basic subsystem of more complex microgrids.
Then, It is interesting to consider possible simplifications
of the closed loop model (16)-(17), provided that the
stability properties are not lost due to the model order
reductions. In this Section, by using the singular perturbations
technique [35], reduced order models which exploit different
dominant time-constants are obtained.

A. Dominant Loads Time-Constants

For many microgrids the tie-line time-constant L./R.
is much smaller than the loads time-constants L,/R, and
Ly /Ry, [36]. Assume that the conditions

Lc Lk

- L=,
Rc Rk
hold. In order to obtain the reduced order model one can set
L./R. to zero in (17b). The practical values for the grid
electrical parameters and frequency w justify the fact that

k =a, b, (18)



X./R. is not assumed to be zero. Then, indicate with z the
variables (currents) solving the equations obtained with the
singular perturbations approach. By expressing (16) in terms
of the corresponding variables of the reduced order model it
follows

200 = 29 4 T5,(6) 239, (19)

and from (17b) one obtains
Xe
- (I+ Q) (67 (20— 29)

Uj +n;Q; (1
-1Yj Jj
+ E I;( (0), k=a,b. (20)

e 52 1—n; zgj

where §, is the angle corresponding to the reduced order
model. The four scalar equatlons (20) are quadratic algebraic
constraints that relate zok to qu It is simple to verify that
for each k there exists a unique solution of (20) for zok
with positive inverter voltage amphtude Then (20) can be
interpreted as a unique mapping from qu to zj,‘j

The reduced order model with singular perturbations can be

now directly obtained from (17a) and (17c):

Lk d d Xk d
4= (I+ RkQ> qu

Rk dt “k
Ly — Uk +71ka L
_ kg P, 2k T RYE
Ry mk( k 1—nkzok Zok Zk
1 Ug + nuQx

= 21
i(;z =my (anWl d>

dt 1—n, 24 Foa

oy (PbUb+anb d)

1—mnpzl Zob

where zd,cj, with k = a, b can be written as functions of
the five state variables zk and J, by using (20). In next
Section the fifth order model (20)-(21) will be shown to be
able to estimate the interval of my for which the seventh
order model (16)-(17) is unstable. It should be noticed that the
reduced order model (20)-(21) under (18) is not equivalent to
the model which can be obtained from (16)-(17) by assuming
the currents icciq to be at steady-state. Indeed (20) is more
simple than (17b) at steady-state.

21b)

B. Dominant Tie-Line Time-Constants

A different reduced order model can be obtained if
the tie-line time-constant is much greater than the load
time-constants. Assume that the conditions

Li L.

— L=, k =a,b, 22
Re R, “ 22)
hold. In order to obtain the reduced order model set Ly /Ry,
to zero in (17a). The practical values for the grid electrical
parameters and frequency w justify the fact that Xy /Ry is
not assumed to be zero. Then, indicate with ( the variables

obtained from the currents with the singular perturbations

approach. By expressing (16) in terms of the corresponding
variables of the reduced order model it follows

Com = G Tw(60) ¢, (23)
and from (17a) one obtains
X
0=- (I + R:Q) (G = Tr(dc) "¢
1 Uk + nka 1
— k=a,b, (24
Ry 1—ny (%, (0)7 a,b, (24)

where J; is the variable in the reduced order model
corresponding to the angle difference ¢. The equations (24)
are four scalar quadratic algebraic constraints that relate Cf)i,?
to the three state variables (9 and d¢. It is simple to verify
that for each k there exists a unique solution of (24) for k
with positive inverter voltage amplitude. Then (24) can be
interpreted as a unique mapping from the state variables to
Cor-

The reduced order model with singular perturbations can be
now directly obtained from (17b) and (17c¢):

Xc
-(r+ o) e
L. = Ug +1naQq
- 7Qma P(L - 76(]2(0@ Céiq
Rc 1-—n Mg Goa

ZF (8¢) 1UJ+7nJQJ ((1)>’ (25a)

_n. 9
¢ j=ab 1 njcoj

d _ U, +1aQq d
25 = p _ Zal taxa
dt(SC ma< a 1 “ng q oa)

_mb(pb_Ub+anb d>’

1-— ny gb ob
where (g,f can be written as a function of the state variables
¢d9 and §; by using (24).

The third order model (24)-(25) will be shown, in next
Section, to be able to predict unstable behaviors for some
values of m; for which the seventh order model (16)-(17)
is unstable under (22).

dg _
R dtC

(25b)

C. Reduced Order Models without Voltage Droop

In many microgrids, the inverters are subject only to the
frequency component of the droop control because there is no
reactive power demand to be satisfied. In the case of dominant
loads microgrids a reduced order model for this type of closed
loop system can be derived by setting n, = 0 and n, = 0
in (20)-(21), which leads to

X -1
200 =zl 4 R—rk(é ) <I + RQ)

RN

j=a,b



and

Ly d Lda _
= —Q ——Q P, — U,
detk +Rk Ry, mk(k kz)
Uy,
42 (0) . k=—anb, (27a)
%amhg_m%ywﬁa_m%y (27b)

In the case of dominant line microgrids it is possible
to operate similar considerations in order to obtain a
corresponding reduced order model. Particularly, set n, = 0
and n, = 0 in (24)-(25). Then, it follows

X 1
CSI? :Fk(éc)_lggq Rk (I + R: Q) Uk (0> ) k :a7b7

(28)
and
e i Q#WQ@—“mma—mmdq
1
+ & Z T;( (0> , (292)
_] a,b
(ﬁgmaz—m%%wma—m%) (29b)

The numerical analysis in next Section will show the
influence of the frequency droop control parameters on the
microgrid stability.

D. Microgrid Oscillators-Based Model

Models expressed as so-called Kuramoto oscillators have
been investigated in the literature for the analysis of the
microgrid synchronization problem [31]. In the following it
is shown that these models can be obtained from the reduced
order models presented above by applying once again the
singular perturbations technique. Consider the model (26)-(27)
and assume that the time-constants L,/R, and L,/R, are
sufficiently small too. By settmg Lk /Ry to zero for k = a,b
and by indicating with yk , yolc and §, the variables of
the reduced order model corresponding to zk , zo,‘j and 9,
respectively, from (26) and (27a) it follows

1 X, \ 7!
dq dq c
= —T(6,) [ I + =0
yok yk + Rc k( y) ( + Rc )
. E Fj(éy)_lﬁj <(1)) 5 k =a, b7
j=a,b

Xk dq . Uk
I+ —0 a k=a,b b
0= (+R ) +Rk<0)’ a,b, (30b)

(30a)

and from (27b)
d _
&531 = Mg P, a
By computing ygq from (30b) and by substituting in (30a),
after some simple algebraic manipulations, one can write

(32a)
(32b)

— mp Py — maUay, + mpUpyl,. 3D

yf)la =Pa — P1 Uy cos 0y + pQUb sin dy,

ygb =py — p1U, cos 6, — paU, sin .,

TABLE 1
CONTROL, LOADS AND TIE-LINE PARAMETERS
Parameters Values
Dominant Loads Dominant Line
Controls mq 5-10"%Frad/sW 5-10~% rad/sW
ng  5-107*V/VAr  5-107% V/VAr
P, 58 W 168 W
Qa 2.6 kVAr 10 VAr
Us 127V 120 V
mp  5-10"%rad/sW  5-10~% rad/sW
n, 5-107*V/VAr  5-1074 V/VAr
B, 25 W 200 W
Qp 1.3 kVAr 20 VAr
U, 130 V 120 V
w 2760 rad/s 2750 rad/s
Resistences  Rq 0.1392 57Q
and Lg 16mH 1.8mH
inductances Ry 0.2592 11592
Ly 35mH 1.8mH
R. 0.5 1.9Q
Lec 8mH 6.1lmH
with
Ui By, Uk R,
Pk R% + X]% Rz T XCQ ) k aaba (33a)
R,
=y xe (33b)
Xe
P2 R+ X2 (33¢0)

By substituting (32) in (31) it follows

d o
ﬁéy =p3 + p1UUp(mq — my,) cos oy

— p2UaUp(mg + my) sin 0y, (34)

where

pP3 = mapa - mbpb - maUapa + mbprb- (35)

The dynamic model (34) is representative of a Kuramoto
oscillator and can be also derived by applying similar
considerations to (28)-(29). The stability of the equilibrium
points of (34) can be analytically investigated. In particular,
by indicating with J,% an equilibrium point of (34) by taking
the derivative of (34) at steady state with respect to J,% and
by substituting in (33b) and (33c), a sufficient condition for
local stability is

(ma —mp)Resin oy + (mg +myp) Xecosdy? > 0. (36)
For typical microgrids and droop control parameters, the
condition (36) is satisfied which means that the oscillator

model predicts that the droop controlled microgrid is stable.

IV. STABILITY NUMERICAL ANALYSIS

In this Section a numerical analysis is carried out in
order to validate the model order reductions in terms of the
corresponding dynamic behaviors and stability properties.
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Fig. 2. Time domain evolutions of the loads currents for zero initial conditions
and mq = 5-1074.
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Fig. 3. Time domain evolutions of the tie-line currents for zero initial

conditions and mq = 5-107%.

A. Microgrids with Dominant Loads

The equilibrium point of the model (16)-(17) with
parameters indicated in the first column of Table I is 49 =
0.46 A, ig’eq =0.19 A, i2°1 = —21.16 A, i"* = —9.99 A,
ided = 0.8-1072 A, i%°9 = 0.97 A, °9 = 3.7-1072 rad
and the eigenvalues of the Jacobian computed around such
equilibrium point are

A12 = — 59.95 + 3384.37, (37a)
A34 = — 7.63 % 3379, (37b)
As.6 = — 6.98 4 7377.96, (37¢)

A7 = —5.38, (37d)

which show that the system is locally stable. Fig. 2 and
Fig. 3 show the time domain evolutions of the currents. Fig. 3
particularly shows the presence of fast and slow modes in
the tie-line currents dynamics. The time evolutions of the
active and reactive powers present similar dynamics to those

-1073

0 [rad]

Fig. 4. Time domain evolution of the angle difference & for zero initial
conditions and mqe = 5- 1074,

represented in Fig. 3. Fig. 4 shows the time domain evolution
of the angle 6 = 6, — ;. In order to provide for the required
active and reactive powers according to the corresponding
reference values, at steady-state a non-zero angle difference
is needed.

Fig. 5 shows the eigenlocus of (16)-(17) (triangles) and that
of the reduced order model (20)-(21) (squares) by increasing
mg from the nominal value. Larger values of my, are typically
desired in order to obtain a better regulation of the active
power, see (10a). For m, > 5-1072 some of the eigenvalues
of (16)-(17) become positive real and the system is unstable.
Fig. 5 shows also that the reduced order model predicts
the instability occurring for a similar value of the frequency
control parameter, since some eigenvalues become positive
real for m, > 6.2-1073. Fig. 6 allows to verify that the
error between the solutions of the seventh order model and
those of the fifth order model is acceptable also for large
signals. Moreover, Fig. 7 shows that also by increasing m,
the eigenvalue of (34), the real eigenvalue of (16)-(17) and
the real eigenvalue of (20)-(21) are very close.

B. Microgrids with Dominant Tie-Line

The equilibrium point of the model (16)-(17) with
parameters defined in the second column of Table I is i9:¢4 =
2.11 A, ig’eq =1.04 A, i2°9 = —0.02 A, i = —0.005 A,
ided = —0.66 A, i9°9 = —0.62 A, §° = —0.02 rad and the
eigenvalues of the Jacobian computed around such equilibrium
point are

A2 = — 63888.9 £ 3330.381, (38a)
A34 = — 31666.7 £ 3330.327, (38b)
As,6 = — 309.497 £ 3321.959, (38¢c)

A7 = — 3.95662, (38d)

which show that the system is locally stable. Fig. 8 and
Fig. 9 show the time domain evolutions of the currents. Fig. 9
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Fig. 5. Zoom of the eigenlocus of the model (16)-(17) (triangles) and

eigelocus of the reduced order model (20)-(21) (squares), linearized around the
corresponding equilibrium points for mg € [5-1074,1-1072]. The arrows
indicate increasing values of m,. Complex conjugate eigenvalues become
positive real for mg > 5- 10=3 and m, >6.2- 103, respectively.
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Fig. 6. Time evolution of the error between components of the load current
z‘g of (16)-(17) and that the reduced order model (20)-(21).

particularly shows the presence of slow modes in the tie-line
currents dynamics. The time evolutions of the active and
reactive powers present similar dynamics to those represented
in Fig. 9. Fig. 10 shows the time domain evolution of the angle
0 =10, — 0.

Fig. 11 shows a zoom of the eigenlocus of (16)-(17) and the
eigenlocus of the reduced order model (28)-(29) by increasing
m, from the nominal value. For m, > 15.36-10~2 some
of the eigenvalues of the linearized models from (16)-(17)
become positive real which implies that the closed loop
system is unstable. Fig. 11 shows also that the third order
model (28)-(29) is able to detect the frequency droop control
parameter value for which the seventh order model becomes
unstable.
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Fig. 7. Comparison between the eigenvalue of (34) (circles) and the real
eigenvalue of (16)-(17) (triangles) and (20)-(21) (squares) versus mg €
[5-1074,1-1072].

2, |
< 15| |
= 11 7
T2
= 05) .

O, |

Fig. 8. Time domain evolutions of the loads currents for zero initial conditions
and mq =5-1074.

V. EXPERIMENTAL RESULTS

In this Section experiments validating the microgrid stability
analysis are presented. The results have been extracted
from the intelligent Microgrid lab from Aalborg University,
Denmark [37]. The experimental setup can be represented
with the quivalent circuit in Fig. 1 where each ideal voltage
supply is replaced by a real inverter with corresponding
controllers and output filters whose equivalent scheme is
shown in Fig. 12. Two three-phase three-legs Danfoss FC
302 inverters along with their corresponding output LC filters
are adopted. The inverters are provided with inner voltages
and currents control loops which are responsible for their
proper operations and references tracking. The controllers are
implemented by means of a dSPACE 1006 system. The same
Matlab/Simulink schemes used for the control parts in the
numerical simulations have been compiled to the dSPACE
which has been responsible for the inverters control and the
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Fig. 10. Time domain evolution of the angle difference § for zero initial
conditions and mq = 5-1074.

data acquisition. The sampling time has been set to 100 us.

In Fig. 13 it is shown the cabinet hosting the two inverters,
the dSPACE system, a three-phase variable resistive-inductive
bipole on the top and two three-phase variable resistors along
its sides. The inverters output filters, the local loads and the
line inductors are placed in the rear part of the cabinet. A DC
voltage supply REGATRON TopCon TC.GSS with 650 V and
a maximum current limited to 10 A is adopted.

The connections among each microgrid element, namely the
two inverters, their corresponding local loads and the tie-line
have been operated by means of three contactors. Further, three
measurement boards with corresponding LEM sensors have
allowed to measure all the relevant currents and voltages while
the active and reactive powers and the angle difference have
been computed by the dSPACE platform.

The experimental setup consits of a microgrid with
dominant tie-line time-constant. The parameters of the setup
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Fig. 11. Zoom of the eigenlocus of the model (16)-(17) (triangles) and
eigenlocus of the reduced order model (28)-(29) (squares), linearized around
the corresponding equilibrium points for m, € [5-107%,20-10~2]. The
arrows indicate increasing values of m,. Complex conjugate eigenvalues of
both models become positive real for mq > 15.36 - 102,
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Fig. 12. Equivalent circuit corresponding to each inverter in the experimental
setup.

are indicated in the second column of Table I. The first
scenario considered consists of the microgrid completely
formed, i.e., the two inverters are both connected through the
tie-line. Fig. 14 shows the angle difference time evolutions,
for different values of m,, when, starting from the steady
state, the angle of the inverter b is perturbed with an additive
step disturbance of 0.1 rad. As the frequency droop control
parameter is increased, the dynamic response becomes faster.
Fig. 15 shows the currents of the load of the inverter b
when the corresponding angle is perturbed. The disturbance
effect on the load currents is negligible. The values of the
three-phase currents ¢;°* are consistent with the steady state
of the corresponding numerical simulations presented in the
previous Section, see Fig. 8.

The second scenario considers the behavior at the
connection of the inverters forming the microgrid. Fig. 16



Fig. 13. Pictures of the experimental setup.
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Fig. 14. Experiments. Time evolutions of the angle difference ¢, for m, =
5-10~% (solid line), mq = 5-103 (dashed line) and m, = 5-1072
(dotted line) when the angle of the inverter b is subject to an additive step
disturbance of 0.1 rad.

shows the currents of the load of the inverter b starting from
the inverters in stand-alone operating conditions when the
microgrid is formed. The formation of the microgrid changes
the equilibrium point with respect to the case of independent
inverters with corresponding local loads. The final steady state
in Fig. 16 is the same as the one in Fig. 15.

The third scenario aims at highlighting the microgrid
instability. Fig. 17 depicts the experimental results of the
angle difference 6 when the frequency droop control parameter
my 1S subject to a step variation. The experiments show the
instability for m, = 25.3-1072. For this value also the
reduced order model predicts the instability so as shown by
the numerical results in the previous Section.

VI. CONCLUSIONS

A systematic approach to model a microgrid with droop
controlled inverters has been presented. By using a suitable
state space transformation a closed loop model in explicit
state space form has been derived. The time-scale separations

T T T T
1} L
=<
3 0 |
-1l |
| | | | |
0.04 0.06 0.08 0.10 0.12 0.14 0.16
[s]

Fig. 15. Experiments. Time evoultions of the load currents i{ft for mq =
5-10~% when the angle of the inverter b is perturbed with an additive step
disturbance of 0.1 rad at 0.1 s.
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Fig. 16. Experiments. Time evoultions of the load currents i{ft for mq =
5-10~% when the inverters connect through the tie-line.

between the line time-constant and the loads time-constants
have been exploited by using singular perturbations and
corresponding reduced order models have been obtained.
Furthermore, by neglecting the currents dynamics a microgrid
model in the form of Kuramoto oscillators has been derived.
The models highlight the importance of the electrical dynamics
and the influence of the frequency droop control parameters
on the stability of the microgrid. Differently from the
oscillators-based model, the singularly perturbed reduced order
models are shown to predict the microgrid unstable behaviors,
which are confirmed by the numerical and experimental
results. The methodological steps applied to the simple
microgrid topology considered in the paper can be adopted
also for more complex networks for which the considered
microgrid represent a basic subsystem. From a qualitative
point of view one can conjecture that the currents dynamics
influence the stability of the microgrid also for more complex
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Fig. 17. Experiment. Time evolution of the angle difference ¢ for a step
variation of mg from 10102 to 25.3-10~2.

topologies under large values of the droop control parameters.
This is a possible direction for future research.
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