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Abstract—1In this paper, we propose a generation control
strategy for islanded lossless microgrids with inverter-interfaced
generators. In particular, we address the problem of obtaining
a desired active power load sharing while regulating the fre-
quency to some nominal value. The proposed control strategy is
based on the slow readjustment of the active power reference of
each inverter, i.e., each inverter aims to track a slowly-varying
reference that is set sufficiently close to the actual active power
injection, and, thus easy to track. The control enforces the
trajectory to satisfy the so-called phase-cohesiveness property,
i.e., the absolute value of the voltage phase angle difference

™

across electrical lines is smaller than 7, which ensures the
system remains stable at all times, while achieving the desired
active power load sharing. We also propose a method to find the
active power reference distributively which satisfies the phase-
cohesiveness property for tree networks as well as for some
cyclic networks.

I. INTRODUCTION

Generally, a collection of interconnected electrical loads
and generators is considered a microgrid if, compared with
the bulk power system, it has a substantially smaller physical
footprint, the generators have lower ratings, and it is able to
operate in an islanded mode (see, e.g., [1], [2]). The use of
microgrids has the potential to be an effective solution for
efficiently managing the increased penetration of Distributed
Energy Resources (DERs); however, there are several control
problems that must be addressed to ensure reliable and
economical operation of microgrids. In this paper, we address
one such problem; namely, the microgrid generation control
problem, with special emphasis on achieving active power
load sharing and frequency regulation.

The generation control problem in microgrids has been
extensively studied by other researchers. For example, in [3],
the authors propose a distributed controller that synchronizes
inverters, drives the frequency to the nominal value, and
achieves active power load sharing under small load pertur-
bations. In [4], the authors propose a distributed secondary
controller, the implementation of which is based on a lin-
earized microgrid model and a consensus-type distributed
algorithm, to eliminate frequency deviation that results from
the operation of the primary droop controller. In [5], the
authors present a distributed secondary controller which
computes the average of inverter frequencies; then, each
inverter uses a PI controller to drive this average frequency
to the desired value. In [2], the authors present a hierarchical
generation control architecture, and implement secondary

M. Zholbaryssov and A. D. Dominguez-Garcia are with the ECE Depart-
ment of the University of Illinois at Urbana-Champaign, Urbana, IL 61801,
USA. E-mail: {zholbarl, aledan}@ILLINOIS.EDU.

and tertiary control using a distributed approach based on
the so-called ratio-consensus algorithm [6].

Although a substantial effort has been put into addressing
the generation control problem in microgrids, many issues,
including stability, synchronization and proper active power
load sharing, have not been completely resolved. Most
control designs in the literature are based on linearized
models, and can guarantee stability and good performance
only locally under small perturbations in the load (see,
e.g., [3], [4]). Moreover, because islanded microgrids often
lack enough rotating inertia to accommodate large load
perturbations (which occur because of a low load factor),
large frequency deviations might result, leading to instability
(see, e.g., [7], [8]). Several works approach this problem
by incorporating additional energy reserves to increase the
rotating inertia of the system (see, e.g., [8], [9]).

Our work in this paper aims to achieve frequency reg-
ulation and appropriate active power load sharing among
inverter-interfaced generators regardless of the size of the
load perturbations by designing appropriate controls. To this
end, we adopt the lossless Kuramoto-type inverter-based
microgrid model proposed in [10], and design a control
that enforces the absolute value of the voltage phase angle
difference across electrical lines to be strictly smaller than
5—a property referred to as phase-cohesiveness (see, e.g.,
[10], [11]). This control guarantees global convergence to
the desired active power reference, and regulation of the
frequency to some nominal value. The reference is computed
distributively by solving a convex optimization problem that
enforces the phase-cohesiveness property. We illustrate the
operation of the proposed control via numerical simulations.
All results in lemmas and propositions are stated without
proofs.

II. PRELIMINARIES

In this section, we present the droop-controlled inverter-
based microgrid model adopted in this work, and formulate
the control objectives to be met.

A. Microgrid Dynamic Model

Consider a collection of droop-controlled inverters and
loads interconnected by a lossless network. The topology
of this network can be described by an undirected graph,
G=,E),withy =VDUYE) where VI = {1,... m}
denotes the set of nodes with an inverter, and V&) =
{m +1,...,n} denotes the set of nodes with a load; and
where £ C V x V, with {i,5} € & if nodes 7 and j are
electrically connected.



Let 6;(t) and V;(t) denote, respectively, the phase angle
and magnitude of the voltage at node ¢ € )V, and define
0(t) = [01(t),...,0,(0)]T and V(t) = [Vi(t),..., Va()]T.
Then, the active power injected into the network via node
1 €V is given by

Pi(0 => Vit

JEV

(1) By sin(0:(1) — 0,(1)), (1)
with B;; = —b;;, where b;; < 0 is the susceptance of the line
connecting nodes ¢ and j. Define a one-to-one map I : £ —
R such that every e in the set {1,2,...,|£|} is arbitrarily
assigned to exactly one edge {i,j} € &, ie., I({i,j}) = e.
Then, if we assign directions to each edge {i,j} arbitrarily,
e.g., ¢ is taken to be the head and j the tail, we can define
a node-to-edge incidence matrix, M, as follows: for each
e = I({3,5}), Mye = 1, Mje = —1, and zero otherwise.
Then, (1) can also be written in matrix form as follows:

PO(t),V(t)) = MUV (#))f(0(t)), 2

where P(0(1), V(1)) = [P(0(8), V1)), ., Pa(6(), V(1))]T
I'(V(t)) is a diagonal matrix with entries I'..(V (t)) =

ViOVi(0)By, e = I({ig)). {ij} € £ and
FO®) = [AO®),. ... fieOE)]T with £.(0(t) =
sin(03(1) — 0,(1)).

Let w;(t) denote the frequency at node ¢ € V at time ¢;
then, assuming the inverters implement a frequency-droop
controller (see, e.g., [3]), we have that, for each ¢ € Y

NP - PO), V), B

where w* is some nominal frequency, D; > 0 is the droop
coefficient, P(t) is the active power reference of inverter
i € Y and, for each j € V&

0=—0;(t) —

wi(t) =w" +D;

Pj(@(t),V(t)), 4)

where £;(t) > 0 is the active power demand at load j; £;(-)
is assumed to be a piecewise constant function.

In the remainder, we assume that voltage magnitudes are
fixed for all nodes, i.e., V;(t) =V, for each i € V and all ¢;
thus, for brevity, we drop the V-argument from all functions
which depend on it. We also assume that after a change
in load, the controller is fast enough to restore the system
frequency to its nominal value before another load change
occurs; thus, we assume ¢;(t) and P}(¢) to be positive
constants, which we denote by ¢; and P}, respectively.

We transform all inverter and load node voltage angles into
a rotating coordinate frame with frequency w* by defining
0;(t) = w;(t) — w* for i € V. Then, by defining u;(t) :=
PL) for i € VI, we can rewrite (3) as follows:

s (D)—Pi(6(1))
D;
0;(t) = ui(t),

Then, if we define v;; = V;V; B;;, ¢,j € V, and differentiate
(1) for all nodes 7, we obtain that

P(8(1)) = L (8(t))6(t), (6)

where L(®)(A(t)) is defined as follows: ( t) =
g cos(Bi(t) = 05(1)). i # j. i, j € V. and L<p’<e< ) =

ie ), 5)

ST ~yicos(0;(t) — 6;(t)). The matrix LP)(A(t)) can be
NS
partitioned as follows:

LP(6t) L) 0)

() =
EROO= |ty LPew) |

)

where L (0(t)) e RVl and LV (0(1) €
R'V(L)‘X‘V(L” Note that since we assume ¢; to be constant,
it follows from (4) that P;(6(t)) = 0, vy € V&), Then,
we can apply Kron reductlon to (6) so as to eliminate the
equations corresponding to load nodes, obtaining

PU(6(t) = S(6(t)6 (1), (®)

where P (0(t)) = [Py(0(t)),..., Pn(8(t)]T, 6D (t) =
[01(1),...,0m(t)]", and S(O(t)) denotes the Schur com-
plement of L®)(A(t)), ie. S(O(t) = L¥(6(t) —
LY (6(6) (LY (0(6))) ™ (6(1) L) (6(1)). where LY (6(t))
is invertible for all ¢ since the controller we propose in Sec-
tion III enforces the so-called phase-cohesiveness property,
ie., [0:i(t) — 0;(t)] <€ V{i,j} € &, and € € [0,F) [10];
0(t) is referred to as phase-cohesive. Then, by combrnrng
(5) and (8), the dynamics of the microgrid can be described
as follows:

00 (1) = u(t),
PO(t) = S(0(t))ult), ©)
where u(t) = [ui(t), ..., um(t)]T.
Note that if [0;(t) — 0;(t)] < 7 at any given time ¢,

V{i,j} € &, then, L(p)(ﬂ( )) is the weighted Laplacian of
graph G, and S(6(t)) is positive semidefinite with a single
zero eigenvalue, the corresponding eigenvector of which
being the all-ones vector, 1;. Also, the second smallest
eigenvalue of S(6(t)), denoted by A2(S(0(t))), is positive.

B. Control Objectives

Suppose that, before time ¢ = %y, some substantial load
change occurs which results in (i) the frequency deviating
from its nominal value, and (ii) a mismatch between the ac-
tive power injections at the inverter nodes and the reference;
then, the main control objectives are:

Ol to track some desired injections, P/, i € V(I), which
satisfy: (P1) Y. P*= > {, and (P2) ensure that
ievh 1evit)
the resultant equilibrium point is phase-cohesive; and
02 to eliminate the frequency deviation that results from

the load change, i.e., 6;(t) — 0 as t — oo, i € V).

Inverters typlcally share the actlve power demand of the loads

where P; is the power rating of inverter ¢ [3]. [Later, we
discuss how to pick the reference differently.]

For later developments, we also note that all stability-
related issues and notions are meant with respect to the
system model in (9), in which voltages are assumed to be
constant, and the objectives O1 and O2.




III. ACTIVE POWER LOAD SHARING CONTROL

In this section, we first propose a control strategy to
provide frequency regulation and to achieve the desired
active power load sharing among the inverters. Then, under
some assumptions, we show that this control ensures global
convergence of the active power injections to the desired
reference and eliminates the frequency error.

A. Controller Operation Description

Let P denote the desired power injected by inverter ¢,
and assume it satisfies P1 and P2 as stated in objective Ol.
Then, if for the system in (9) we were to utilize a controller
of the form

u(t) = —a(PU(t) — P¥), (10)

where P* = [Py,..., P:]T and « > 0, it might be the case
that P (t) may not converge to P* as t — oo. In fact, the
system might become unstable, since the phase-cohesiveness
property might be violated at some time and, as a result,
the matrix S(6(¢)) might not be always positive-semidefinite
with a single zero eigenvalue. However, we can enforce the
phase-cohesiveness property at all times if we modify the
controller in (10) by replacing P* with a piecewise constant
reference signal, P"(t) = [P (t),..., P’ (t)]T, based on the
following observation to be proved later: when, at some ¢ =
7, the reference P"(t) is fixed to some constant value, for
t > 7, within some & > 0 of the actual power injections at
inverter nodes, i.e., | P (1) — P"(7)||2 < d, the controller

u(t) = —a(PU(t) — P"(t)) (11)

drives PU)(t) — P"(t) — 0 as t — oo, while main-
taining the phase-cohesiveness property at all times. When
| PU(t) — P(t)||2 becomes very small, we move the ref-
erence P"(t) closer to the desired injection value P* along
the line connecting initial active power injections P(6(to))
and the reference P*, and apply control in (11). This slow
readjustment of P"(¢) continues until we reach P*. We show
later that picking P"(t) that way allows us to maintain the
phase-cohesiveness property for all time .

More formally, after a substantial load change occurs, we
trigger the controller at ¢ = ¢, by choosing the reference
value, P"(t), for t > tg, as follows:

Pr(t) = (1= A&)PDto] +AOP*,  (12)
where, for t = 7, PO [1] .= P (4(7)), and \(t) = A(tg )+
A, with

5 — 8y/m
|17+ — POto][|2”

and \(t; ) = 0. When for some ¢ = t;, P [t]] is such that
|PDO] — P (t])]leo < 0, we again increase A(t) by AX:

AE) = A(t]) + AN,

AN = 13)

tlSt7

and use the expression in (12) to update the reference value.
By denoting t; as the reference update time for which
ty = argey, | [PO(O(1) — P'(t)]lo < 5. PT(t) can be

expressed in a more general form as follows:

Pr(t) = (1= A®)PD[to] + A(t)P*, t) <t < tpp1,
(14)
where
ME) = Aty ) + AN, by <t <tpir (15)

In a more compact form, (14) — (15) can be rewritten as
follows:

Pr(t)=P"(t,) + AP", tp <t <tgy1, (16)

where AP" = (§— Q\/ﬁ)%, with AP denoting
the i-th component of AP7; thus, at each t = t, we move
P"(t) closer to P* along the line connecting P!)[ty] and
P*. [Note that if at some time ¢, |[PY)(0(t)) — P*| < 6,
then, we set A(¢) to 1 and P (t) to P*.]

In order to preserve the phase-cohesiveness property for
all t > to, P(6(t)) needs to satisfy the following synchro-

nization condition for all ¢ > ¢y [10]:

IMTLTPO(t)) o0 < sine, (17)

where L' is the pseudoinverse of L = [L;;], with L;; =
I£i,1€V

Define P[t;] := P(0(ty)) and £ = [ly41, ..., ¢n]T. Later,

we show that the synchronization condition given in (17) is
always satisfied by the controller in (11) provided P[ty] and

*
B gj satisfy a more strict version of the synchronization

condition in (17), given by

IMTLTP(O(t))lse < rsine,

(18)
for some k € (0, 1); specifically, in the next section, we will
establish that we need to pick

_1—/1

0

sin e,

19)

where ) = || M X|| s, where X is a submatrix of LT formed
from its first m columns, and

max{uMTLTP[tOHOO, HMTLT [Z] H } .
el

R = —
S111 €

B. Stability Analysis

Here, we prove that, for a certain J, the phase-cohesiveness
property is always preserved by the controller (11) with

*

the reference in (16), provided that P[to] and []_3 E] satisfy

(18). In order to prove this result, we need the result in the
following lemma.

Lemma 1. Suppose 6(ty) is phase-cohesive, and P(6(t)) is
continuous and satisfies the synchronization condition in (17)
for all ¢ > to. Then, 6(¢t) is phase-cohesive, unique and
continuous for all t > tg.

Now, we state the main stability result.



*

@] satisfy (18),

and 6(tg) is phase-cohesive. Then, if § satisfies (19), the
controller in (11) with the reference in (16) ensures that
the phase-cohesiveness property is maintained for all ¢, and
PO (H(t)) — P* as t — oo.

Proposition 1. Suppose that Ptg] and []_D

In the next lemma, we provide an upper bound on the time
it takes for the injections to converge to the desired reference
within a small error bound.

Lemma 2.Let ¢t = T denote the time it takes for
PU(A(t)) to converge to P* within a small error bound,

|PD(O(t) — P*|loe < J8y/m. Assuming t, =
inf arg,;, , [P ((t)) — P (t)]|o < J, we have that

_ 1Pt = POfto]o + 8y, 6
= aXa(L)(6 — 8y/m) cos(e) 0/

IV. ACTIVE POWER REFERENCE ASSIGNMENT

21

In this section, we discuss how to choose the active power
reference distributively for tree networks, as well as for those
networks that have non-overlapping cycles (any pair of cycles
does not share any common edge) so as to satisfy the phase-
cohesiveness property.

A. Tree Networks

Let Pi(o) denote the reference signal to inverter i € V()
determined by the load power sharing criterion in objective

: * 0) ._ D; .
02, ie, P = P77 = S0 Zlev<L> f;; next, we

discuss an alternative to this reference choice. To this end,
define the following quadratic optimization problem:

min lp = p I3 + 4] (22)
subject to p = MT'¢, (23)
— ko < ¢ij < ko, V{i,j} €E, (24)

P, <p;<P; Vi€V, (25)

which we refer to as QP1, where P, = P, = —4;,i €
V)| the constraint (23) is a flow balance constraint from
(2), (24) — (25) are the box constraints on the normalized
flows and power injections at each node, ko < sine is a
positive constant parameter, p € R", p(0) = [pgo), e (© )}T
with p( ) = (O) ,ie VU and p(o) =—4;,ie V),

The solutlon of QP1, denoted by (p*, ¢*), will be used
to assign the reference P*, ie., P* = [p},...,p5]T, for
our controller in (11). By penalizing deviation of p from
p(© in the cost function of QP1 in (22), we aim to preserve
the active power sharing among inverters according to their
power ratings. The second term in the cost function allows
us to minimize the flows along the electrical lines, which in
general results in an increase of the step § and improvement
of the convergence rate of the controller in (11). Next, we
show how to solve QP1 distributively.

First, we reformulate QP1 by introducing additional vari-
ables and constraints, the goal of which is to obtain an
equivalent problem with a structure that is amenable to a
solution via the alternating direction method of multipliers
(ADMM); see, e.g. [12, Section 3.4]. To this end, introduce

and (b(j)

‘ ij
20 = {(;552)} {i.jyee- Then, clearly, QP1 is equivalent to the
following optimization problem:

variables (;55;) and define () = {¢§;)}{i,j}e£ and

min [|p — p I3 + o3
subject to Vi € V,p; = Z %mﬁ) -
JenN;t
V{’Lm]} € 57 —ko S (Z)E;) S ko,
— ko < ¢ < ko,
¢\ = o7,
which we refer to as QP2, where
T = [(fv(”)T S @I, 2 = ()T, )T,
_{] Je: 1,€:H({i,j}),{i,j}€g},

Nim={i: Mje = 1e=1({i,j}) {i, 5} € €}.
Then, the augmented Lagrangian for QP2 is given by

JEN,

0) (12 2
I3 + I3

D vl + Y wield)

jenN;t JENT

Lp(}?,{l],Z,/lz, V) :”p*p(
+) nilpi -
=1
+Z§(pi— ST oyeld + 3 iel?)?
i=1

JEN;T JENT

30 (ns@) = o) + 50 —01)?).

{i,5}€€
where p > 0 is some constant, = [u1,...,/,]T and
v = [v1,...,1e]T. To solve QP2, we apply ADMM, the

iterations of which are as follows:

plk+1]] _ .
] = i 2ote . 2,0,

#lls+ 1) = min L, (plk + 1),

v[k]), (26)
wlk + 1], z, plk], v[K]),  (27)
Z ’Y@J(bij) k+ 1]
]E/\/Jr

+ > el [k + 1)) (28)
JEN,

viilk + 1] =vi ] + p( [k + 1]
for all € V and {3, j} € £, where

D= {(p,x):

wilk + 1] =i k] + p(pilk + 1]

— P [k + 1)), (29)

P, <pj<P;VjeV, —ro < ¢)§§) < Ko,
v{i,j} € £},
D' ={z:—ro < ¢\ < ko, V(j,i) € E}.

The iterations in (26) — (27) can be written for each node ¢
as follows:

pilk +1] :| . (0)2 ()2
i = i — D; + + wilkps
{ O +1]] = 0. ;r(l.gr)lep (pi —p;i )"+ 122 + palklp
—plk] Y 7o) + B = D el + D el k)
jen; jent JENT
+ 3 (valklel]) + 263 - o 1)?%), (30)
JENGT



2Ok +1] = min, pilk] > w6l — > wiilklel)
* JEN, JEN
+ o+ 1= Y el k+ 1+ Y vsel)
]€N+ JEN,
+ > L k+1 - o), 31
JEN,
where

D; = {(pi,2") : P, <p; < Py, —kg < ¢1(-;-) < ko,

Vj e N},

and D = {20 : —ry < @8 < ko, Vj € N[}

The iterations in (28) — (31) can be executed in a dis-
tributive fashion whereby each node 1 only needs to obtain
qﬁm[k + 1] from every j € N, and (b [k + 1] from every
J € N+ by communicating with its nelghbors. If QP1 is
feasible, then, by [13, Theorem 1], (26) — (29) converge
to the optimal phase-cohesive solution (p*,¢*, ¢*, u*, v*).
However, solving QP1 does not necessarily yield a phase-
cohesive solution if there are cycles in the network because
there might not exist a phase-cohesive §* corresponding to

(p*, ¢*) satisfying
> (07 —65) =
{l’j }eci
where C; is an oriented cycle in the network. Next, we
show how to deal with the case when the network has
non-overlapping cycles. To this end, we add an additional

constraint to QP1 which guarantees phase-cohesiveness for
the cyclic networks.

(32)

B. Networks with Non-Overlapping Cycles

Consider a network with ¢ non-overlapping cycles denoted
by Ci, ..., Ce. Define N = [n() ... n(9], where n(®
satisfies Mn() = 0 and corresponds to cycle C; so that,
for k =1({l,5}),

1 if {l,5} €C;,

i) _ . . )
n,’ = 1 if {5,1} €C,,

0 else.

>~

Then, for a given set of injections p, any solution of (2) can
be generally written as follows [10]:

¢ =6+T Ny,

where ¢ is any particular solution to p = MT'¢, and p € R€.
Assuming ¢;; = —¢j;, V{i,j} € &, define

(33)

7i;(¢) = min 'Yl]( — d15), (34)
{l.j}ec
w;(9) = e, Vi (—ko — ¢15),

and g;(¢) > arcsin(¢y;). In order for p to have a
{l,5}€C;

corresponding phase-cohesive 6, we must show that there
exists a u € R® such that ¢ + "1 Ny satisfies the box

constraints in (24) and the following constraint:

gi(p+T W) =0, i=1,...,¢ (35)

which is equivalent to satisfying the constraint in (32). By
using the single cycle feasibility lemma in [10], the following
result becomes obvious.

Lemma 3. Suppose (p, ¢) satisfies all constraints of QP1 in

(23) — (25). Then, there exists a u € R such that ¢>—|—I"1N,u

satisfies the box constraints in (24) and the constraint in (35)
if

9:(¢+ T 7'V (¢)) > 0, and

gi(0 + T ' p.(4)) <0,

(36)

i=1,2,...,¢c (37)

Because the constraints in (36) — (37) are non-convex,
we obtain their inner convex approximation in the next
developments.

For some 3 > 0, define
Fi(B) ={¢: 9i(d + T "'nV;(9))
gi(6 + T ' p.(4))

Now, we state the following lemma.

Lemma 4. Suppose d; is the number of edges in cycle C;,
. = max Ko, Y. = mm Ko, €0 = arcsin(kg),
Vi {l,j}ECi%j 0> 7, (ec ’m 0> €0 (Ko)
and ¢; = 705, If

w1 X
B = 2%‘ B) sin(v;), (38)
then, F;(5;) = B;, where

* *

Bi={¢:—ko+ b < ¢ < ko — Biyv{l,j} €Ci}.
Yij Yij

By Lemma 4, if ¢ € F;(5}), then, clearly ¢ also satisfies
the cycle constraints in (36) — (37); therefore, by Lemma 3,
there exists a p € R¢ such that ¢ + '~ Ny satisfies the box
constraints in (24) and the constraint in (35).

For each cycle C;, i = 1,...,¢, in the network, choose
37 as in (38); then, we modify QP2 by enforcing additional
constraints of having p € B;,i=1,...,c

min [|p — p |3 + |1z
subject to Ve € V,p; = Z %’quz(;) -
JeN;T
Bi <pi < ﬁi?
V{i,j} € €, —ro < 6 < o,
—ro < ¢§§) < “07¢§;) = ¢§§)7
r,z€ B, k=1,...,c,

Z Yij ¢§~? ;

JEN,

which we refer to as QP3. Then, clearly as discussed above,
by Lemmas 3 — 4, the reference p*, which results from
solving QP3, has a corresponding phase-cohesive 8*, which



TABLE I: Simulation Test Model Parameters.

[Poase, P1, P2, P3l, 5=Awmaz
[Bbase, B14, B2s, Bas, B17, Bas]
[Bae, Bse, Brs, Bsg, Bro]

Vbase, Vi, ¥i € VIOV, Wl € V(]

[4,6,3,3] MW, 1 Hz
[4,3,3,3,2.5,1.2) Q1
[1.3,1,1.4,1,1.2) Q7!
[1,1,0.96] kV

TABLE II: Comparison between P* and P after a load
change at t = 0.6 s.

llell lloll K 4 AN
P* | 2001 18388 0.7782 0.0278 0.2623
PO | = _001 23308 0.8090 0.0239 0.2410

2

satisfies the cyclic constraints in (32). Define
Hi = {(pi,2D) : P, < pi < Py, —ko < ¢§;) < Ko,
Vj e Nt 2 € By, vk},
H = {z(i) D — Ry < qﬁg? < ko,Vj €N,
2 ¢ By, Vk}.

The ADMM iterations for QP3 are the same as in (28) —
(31) except that instead of the sets D; and Dj, H; and H;
are used as constraint sets for (p;, z(®, z(i)). Since H; and
) are merely box constraints, then, projection onto each of
these sets is easy to compute.

V. NUMERICAL EXAMPLE

Consider a 9-bus lossless microgrid, the topology of which
is shown in Fig. la. Nodes G1, Ga, and G35 correspond to
inverters, with the remaining nodes corresponding to loads.
The model parameters of the network are given in Table I.
Maximum allowable frequency deviation A“g;” was chosen
to be 1 Hz. Figure 1 shows the performance of the proposed
control strategy for large load perturbations at ¢ = 0.6 s,
4.6 s and 8.6 s. After each load perturbation, we are able to
achieve the desired active power load sharing and regulate the
frequency 5 at each inverter to the desired frequency value
of 60 Hz. In order not to violate the maximum allowable
frequency deviation, the upper bound on the feedback gain

o« was calculated as follows: o < % = 27”.

Controller parameters are given in Table II. Since x < 1
throughout the whole operation of the controller, P* was
always feasible by the synchronization condition given in
(18). We also chose § = 0.005 such that §v/m < § for m =
3. Because QP2-based reference P* minimizes the flows, the
normalized flow ¢ and x are typically smaller for P* than
for P(©) as also shown in Table II, which further gives larger
0 and A\ and improves the convergence rate. As implied by
(21), it is desirable to have larger A\ and smaller x in order
to increase the convergence rate. The convergence speed can
also be improved if we increase §, while satisfying §/m <
0, as established in (21) and confirmed by the numerical
simulations.
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Fig. 1: (a) 9-bus microgrid topology, (b) PZ(I) (t) and =5

VI. CONCLUDING REMARKS

We presented a control strategy which allows inverter-
interfaced generators in a microgrid to track globally some
desired active power reference, and to restore the frequency
to its nominal value by ensuring that the phase-cohesiveness
property is always maintained. Even when large load per-
turbations initially set the actual active power injections far
from the desired references, the proposed controller always
achieves tracking if the initial injections and the references
strictly satisfy the phase synchronization condition.
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