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Abstract—In this paper, we study AC microgrid dynamics
under a completely decentralized primary control, and a
secondary frequency control the implementation of which is
distributed over a communication network with communication
links that are time-varying and can be (i) bidirectional, or (ii)
unidirectional. For a certain class of controllers, the closed-
loop system dynamics solve a certain multi-agent optimization
problem by performing two steps: (i) gradient-descent, and
(ii) distributed averaging. The proposed framework allows to
explore many of the existing distributed algorithms developed
for solving general multi-agent optimization problems over
time-varying communication networks. In particular, we use the
subgradient-push algorithm to design a distributed frequency
controller, and we present the convergence analysis for the
closed-loop system. We also dwell on this framework and
propose a distributed frequency controller that does not require
agents (power generators) to know their out-degree, which is a
necessary assumption for the convergence of the subgradient-
push algorithm.

I. INTRODUCTION

Compared to the bulk power grid, microgrids are much
smaller in terms of their physical footprint, and are equipped
with generators that have limited power delivery capabilities,
serving only a few local loads, but with the ability to provide
a faster response to changes in load to that of centralized
power plants. Due to the nature of the power generation
technologies used, these generators are often interfaced with
inverters, thereby turning the microgrids into low-inertia
systems. Lack of rotational inertia in the system causes diffi-
culties in stabilizing it and maintaining the system frequency
at the nominal value. Additional difficulties in achieving a
stable operation of microgrids emerge from the likely event
that the generation levels associated with renewable-based
resources being low during hours of peak demand, which
requires carefully designed energy management strategies,
especially, when the maximum load is much higher than the
average load [1].

With regard to the control architecture being utilized, a
distributed implementation is, in general, more preferable
since it offers more resiliency to failures in the processing
units where the controllers reside, and entails less stringent
requirements on the sensing and communication ranges [1].
Moreover, if the microgrid topology changes, parameter
tuning for the controller with the centralized architecture can
be challenging; in this regard, a distributed implementation
allows to design controls that are more adaptable and easier
to scale.
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Our work is inspired by recent results in the area of
distributed control and optimization, where novel algorithms
that are robust against communication delays and packet
drops have been proposed (see, e.g., [2]-[9]). In this paper,
we apply some of these results to designing frequency
controllers over time-varying communication networks with
(i) bidirectional, and (ii) unidirectional communication links.

For bidirectional communications, we consider the case
when information exchange between neighboring nodes is
not necessarily synchronized due to delays and packet drops,
and propose a distributed subgradient method with alter-
nating averaging, which we utilize to develop a frequency
controller for microgrids.

For the case of unidirectional communication links, we
propose a frequency controller based on the subgradient-push
method proposed in [7], and present convergence results.
We note that, for a fixed communication network topology,
and without the subgradient step, this method reduces to the
basic version of the so-called ratio-consensus algorithm (see,
e.g., [5]), which is a special case of the push-sum protocol
proposed in [2], [4]. [All these algorithms rely on each node
maintaining two linear iterations the ratio of which converges
to the ratio of the sum of the initial conditions for the
numerator iteration and the sum of the initial conditions for
the denominator iteration.] One limitation of the subgradient-
push method is that for the averaging step, each agent
needs to know its out-degree; robust versions of the ratio-
consensus algorithms proposed in [6] and [8] are known to
overcome this limitation. For future work, it is of interest to
further investigate whether these robustified ratio-consensus
algorithms merged with the subgradient step enjoy the same
convergence properties as the subgradient-push method.

Some of the recent works related to the design of dis-
tributed frequency controllers focused on the stability anal-
ysis of the closed-loop system under communication delays
(see, e.g., [10]-[16]). A common approach is to use robust
control techniques to quantify delay effects on stability
by constructing Lyapunov-Krasovskii functionals (see, [10],
[12], [14], [16]); typically, some delay-dependent conditions
are derived to guarantee robust stability. Several control
schemes have been proposed for mitigating delay effects; one
of them is to design a Smith predictor-based controller [13].
Based on the measured communication delay, the authors in
[11] propose a gain-scheduling approach for adjusting gain
values in the frequency controller. A distributed observer-
based control approach has been proposed in [15] to cope
with switching communication network topologies. Finally,
the authors in [17] propose a distributed generation control



approach that relies on the robust ratio-consensus algorithm
proposed in [6], [8], which mitigates the effects of informa-
tion loss due to the presence of unreliable communication
links.

II. PRELIMINARIES

In this section, we introduce the microgrid and communi-
cation network models adopted in this work, and formulate
the problem of interest.

A. Physical Layer

Consider a group of three-phase inverter-interfaced gener-
ators and loads interconnected via a lossless network, the
topology of which is described by an undirected graph,
G=,E),withy = VD UVE) where VI = {1,... ,m}
denotes the set of nodes (buses) with an inverter, and Yy =
{m+1,...,n} denotes the set of nodes with a load; and
where £ C V x V, with {i,j} € &£ if nodes ¢ and j are
electrically connected.

The active power injected into the network via node ¢ € V
is given by

P(0(t), V() = Y Vi()V;() By sin(8;(t) — 0,(1), (1)
jev
where V;(t) is the instantaneous voltage magnitude, 6;(t)
is the phase angle in a coordinate frame rotating with
nominal frequency w*, 6(t) = [01(t),...,0,()]T, V(t) =
Vi(t),...,Va(®)]T, and B;; = —b;;, with b;; < 0 denoting
the susceptance of the line connecting nodes 7 and j. Let
Pj(I)(t) denote the active power generated by the inverter at
node j € V), and let Pl(_LT)n(t) > ( denote the active power
consumed by the load at node [ € VL) then,
PO () =P(0(t), V (1)), i € VI,

—PE (1) =p(0(t), V(1) 1 € VD),

l—m

(2a)
(2b)

Assuming fixed voltage magnitudes and constant load de-
mand, we differentiate and linearize the power flow equations
around a stable equilibrium point (¢) = 6* and apply Kron
reduction to eliminate the equations corresponding to loads,
obtaining

6D (1) = u(t), (3a)
PUO(t) = S(07)ult), (3b)
where wu(t) is the frequency controller to be de-

signed, PU(t) = [Pi(t),...,Pn®)]", 6Dt =
[01(),...,0,m ()T, and S(6*) is a positive-semidefinite
matrix (assuming |92‘—9;f| < Z,W{i,j} € &). [The model (3)
has also been studied in [18].] In subsequent developments,
we drop the argument 6* in S(6*) and just write S.

B. Cyber Layer

We establish some notation and state our assumptions on
the communication network utilized by the processing units
located at the inverter-interfaced generators. During any time
interval (¢, tg+1), successful data transmissions among pro-
cessors can be captured by graph GO [k] = (VD €D k),

where V() is the set of inverter buses, and £()[k] is the
set of successfully established communication links. In this
work, we consider two different cases for G*)[k]: undirected
and directed.

When GU[k] is undirected, {i,j} € WD [k] if nodes i
and j simultaneously exchange information with each other
during time interval (t4,%,41). Let (WU ),&g)) denote an
undirected graph, where el is the edge set with {i,j} €
5&{) if communication link between ¢ and j is established
infinitely often, i.e., {i,j} € U;s, ED[l], for any k. Let
Ni={jeVv:{ijeedy}.

When GU[k] is directed, (i, j) € EU)[k] if node j receives
information from node ¢ during time interval (¢, tx11) but
not vice versa. Also, &Si) is the edge set with (,5) € Ex
if (1,5) € Ujsp ED[I], for any k. Let N;t[k] and N [k]
denote the sets of out-neighbors and in-neighbors of node i,
respectively, during time interval (t,t541), i.e., N [k] =
{7€V:(i,7) € EDK]} and N [k] = {j € V: (j,i) €
EWIk]}, and define d;[k] := [Nt [K]|.

Regarding the communication model, we also make the
following two assumptions.

Assumption 1. When GD[k] is undirected, for every

{i,j} € e communication link between i and j is

esicibéishefll )at least once ever%)I)B ite’rati(?ns, ie., {i, j} €
(ki1 5(1)[1], Vk. When g‘ [k:] ls(Ic)erected, (i,7) €
1—ir1 EVNU, VK, for every (i, j) € Exo.

Assumption 2. If GU[k] is undirected (directed),
(v, 5§£>) is connected (strongly connected).

C. Problem Statement

We recall from [18], [19] that the role of primary and
secondary frequency controllers is to ensure
Ol. proportional active power sharing: Pi(l)(t) /P; —

PO (0)/P; = 0. Vi, j,

02. frequency regulation: 01 (t) — 0 as t — oo,
where P; is the maximum power capacity of generator i.

Our objective is to design a distributed frequency con-
troller robust against communication delays and packet
drops. For this purpose, we study the microgrid dynamics
under a purely decentralized primary control, and a sec-
ondary frequency control the implementation of which is
distributed over a time-varying communication network with
(i) bidirectional, or (ii) unidirectional communication links.
For a certain class of frequency controllers, the closed-loop
microgrid dynamics solve a certain multi-agent optimization
problem by executing two steps: (i) gradient-descent, and (ii)
averaging with neighbors (distributed averaging step). We
exploit this fact to design primary and distributed secondary
frequency controllers that are able to operate over time-
varying communication networks.

We begin our analysis by looking at the DAPI controller
proposed in [19]:

u(t) = WP (t) — P(t)),
WP (t) = —B(P"(t) = PO (1)) = LOWP" (1),

(4a)
(4b)



where W is a diagonal matrix with W;; = 1/D;, Vi €
V) D; > 0 is the (inverse) droop coefficient, P"(t) =
[Pr(t),...,Pr(t)]" with P!(t) being the generator i set-
point, L) is the cyber layer graph Laplacian with Ll(.jl.) =
LD <oif {i,j) € €0, and L) = — 3 L. The
DAPI controller has been shown to achieve Objectives Ol
and O2. By using (3) together with (4), the closed-loop
system under the DAPI controller takes the following form:

u(t) = =W(PO(t) — Pr(t)), (5a)
WP (t) = =B(P"(t) — PD (1)) = LOWP" (),  (5b)
PUO(t) = Su(t). (5¢)

Later in the paper, we will analyze a slight modification of
(5), formulated in discrete time as follows:

ulk] = —a[k}(WPD[k] — ¢[k]) /s, (6a)
¢k + 1] = AL[K] — afk]B(W (K] — PDE]), (6b)
POk +1] = PDk] + sSulk], (6¢)

where s > 0 is a stepsize, {[k] := W P"[k], I is an identity
matrix, A := I — sL{) is doubly stochastic, and alk] > 0is
a time-varying gain.

In its current form, (6b) implicitly assumes that, at
each time instant, information exchange between every pair
of neighboring nodes is bidirectional and successful, and
GDIk] is fixed. In this work, we consider a more realistic
scenario when information exchange between each pair of
neighbors is not guaranteed to happen. To this end, we ex-
amine two cases: (i) G ) [k] is time-varying and undirected,;
(i) GD[k] is time-varying and directed.

III. PRIMARY AND SECONDARY FREQUENCY
REGULATION AS A MULTI-AGENT OPTIMIZATION
PROBLEM

In this section, we relate the problem of implementing fre-
quency controllers via time-varying communication networks
to solving a multi-agent optimization problem.

We define P [k] :== PO [k] — PD[0], and rewrite the
system (6) as follows:

POk + 1] = PDO[k] — afk]S(WPD K] + wPD]o]
—&[k]), (7a)
Elk + 1] = A[KJE[K] — a[k]B(W1E[K]
— Pk — PD[0]). (7b)

Later, we show that the system (7) can be thought of
as a scaled distributed subgradient method for solving the
following unconstrained multi-agent optimization problem:

P: min é(P(” 0]+ PO —wt1¢) "
P ¢ 2
x (PDO[0] + PO —w~11¢), (8a)
subject to PY) € R™, ¢ € R, (8b)

with PU)[k] being the estimate of P()*, and §z[k] being the
node ¢ estimate of (* at iteration £, Where (PD* ¢*) denotes

a minimum of P. It can be seen that P()* = p(D*_ p()[q],
PU* = WI1C*, and ¢* = Y7 PO(0]/ST, Dy We
also note that if P()[k] converges to P(I )*, Objectives O1
and O2 are achieved.

Problem P is a special case of the following unconstrained
multi-agent optimization problem extensively studied in the

literature (see, e.g., [3], [7]):
Py : i - % y 9
0: min ¢(z) Z;<i> (x) ©)
with = [21, 29, . .. 7xn]—r, where each node ¢ represents an

agent with a local cost ¢;(z), and state x;, and all agents
collectively aim to minimize ¢(z) through information ex-
change with neighboring nodes. Distributed algorithms for
solving Py (see, e.g., [3], [7]) exploit one common idea
of having each node locally estimate a solution of Py and,
then, perform estimate averaging with its neighbors. More
precisely, they solve the following modified version of Py:

(o (@)
P ﬁ%i§¥%x>v (10a)
subject to 2 = g0 , Vi, 4, (10b)

where z(?) is an agent i estimate of 2*, denoting a minimum
of Py. Once P is solved, =() converges to z*, Vi. The
algorithms for solving P include a consensus-like step to
drive all estimates to a common (consensus) point, and a
subgradient step to steer this consensus point to z*. Next, we
look more closely at the problem of implementing frequency
controllers via time-varying undirected and directed G\/)[k].

A gD [k] is Time-Varying and Undirected

When G [k] is undirected, P}, can be solved using the
following algorithm [3]:

Z aij[k

where z()[k] € R" is the estimate of z* at instant k,
maintained at node i, 0;[k] is a subgradient of the cost
function ¢;(x) evaluated at x = xW[k], afk] > 0 is a
stepsize, and the weights a;;[k] = aj;[k] > 0 if ¢ and j
exchanged information during time interval (tx,tx+1), and
a;;j|k] = aji[k] = 0, otherwise. Here, all weights add up to
1, which is ensured choosing a;;[k] =1—3_,, a;;[k].

The algorithm in (11) implements the subgradient method
and estimate averaging between neighboring nodes. These
two features can be seen in (7), where the averaging term
in (7b) ensures convergence of P]/D;’s to a common
(consensus) value, and the gradient terms steer P / D; to
this consensus value, thereby minimizing the cost in P.

For the considered G [k], the mixing matrix A in (6b)
needs to be time-varying to handle unsuccessful informa-
tion exchange between inverters; namely, we set A;;[k] =
Ajilk] > n for some constant > 0 if inverters i and j
simultaneously exchange information during time interval
(tr,tr+1), and A;j[k] = Aj;[k] = 0, otherwise. Also, we

D[k +1] Ja (k] — afk]si[k], (1D



choose Aji[k] =1—3,; Ajj[k] > n, Vi. Then, we rewrite
the system (6) as follows:
POk 4+ 1] = PDK] — ak]S(WPD[k]
€[k +1] = A[KJE[K] — alk]B(W ™ €lk] —
In the next result, we prove the convergence of (12) to
(PD* 1¢*), where (PUD* — PU[0],¢*) is a minimum of
P. [We omit the proof due to space limitations.]

(12a)
(12b)

—&[K))
PDOK]).

Proposition 1. Let G [k] be undirected and assume that
Assumptions 1 — 2 hold. Then, the system (12) trajectories
converge to (PUD* 1¢*) if alk] satisfies > o | @2[k] < o0
and Y-, alk] = .

We note that if the stepsize a[k] is constant, then, P [k]
converges to PU* within some error, which can be made
small by choosing «[k] small enough.

B. ¢D
When G([k] is directed, we apply the subgradient-push

algorithm (see, e.g., [7]) to the frequency regulation problem,
and modify (12b) as follows:

[k] is Time-Varying and Directed

wilk+1]= Y d“”[”,g}[’ﬂl (13a)
JENT [KUi 7

ylk+1= Y C”yli}[]:]l (13b)
JENT kUi 7

&i[k] = Zl[[“ ]], e v\, (13¢)

zilk + 1] = wilk + 1] — alk]B(Di&i[k] — PV[K), (13d)

where w;, y;, x; are scalar variables, and y;[0] = 1 for all 4.
Each node i transmits two variables, d:”[}c[ﬁl and y’k[ﬂl, to
its out-neighbors. Note that the subgradient-push a{gonthm
requires each node ¢ to know its out-degree d;[k]. In the
next section, we propose a different algorithm that does not
require this assumption to hold. In the next result, without
loss of any generality, we assume that |D;&;[k] — Pi(I) (k]|
is bounded, Vi, since, otherwise, we can impose saturation
limits on the control signal.

Proposition 2. Ler GU)[k] be directed and assume that
Assumptions 1 — 2 hold. Then, the trajectories (P [k], £[k])
of the system (12a) and (13) converge to (P)* 1¢*) if a[k]
is monotonically non-increasing, and satisfies >, o [k] <
o0 and Y o alk] = oco.

C. Multi-Agent Optimization Interpretations for Frequency
Control

Since the sparsity structure of the matrix S does not nec-
essarily coincide with that of the Laplacian matrix associated
with G()[k], it is not obvious how to interpret (12a) using the
multi-agent optimization perspective. We mentioned earlier
that the distributed averaging step moves agents’ estimates
towards the same point, and, then, this point is steered by
the subgradient term towards the optimal set. In other words,
estimates follow a certain average process, which converges

to some optimal point. In the following, we show that the
dynamics for power injections in (12a) can viewed as some
average process converging to an optimal point. For this
purpose, we perform the following linear transformation:

P[] = eSE k] (14)
where ¢ :== \/m/+/B, and p[k] evolves according to
]. 1 1
Blk + 1] = plk] - alk] = 5¥ (ew sl
+wPD[o] - g[k]). (15)

Note that if the transformation in (14) is applied to (15),
(12a) can be recovered. By substituting p for P in (8), we
rewrite P in terms of p and ¢ as follows:

Zfz P <

subject to p € R™, C € ]R,

Py mln f(p, ¢ (16a)

(16b)

where f;(p, () = 55 (5%)ip—Di¢)” with (%),

being the i-th row of S%, and

B

f(.¢) = §(P<f> 0]+ S35 — W1e) "

x (PD[0] + eS2p — W1C).

(P [0]+c

a7

The result in Lemma 1 below establishes a linear relationship

between a minimum of Py and (P(D* ¢*), a minimum of

P. where we recall that P = px _ pD[o] and ¢* =
I m

S P00/ 3 D,

Jj=1 Jj=1

Lemma 1. Let (p*, (V) denote a minimum of Py. Then, the

following relations hold: ¢V = ¢*, and PO* = cS2p

Clearly, &;[k] generated by (12b) or (13) is the estimate
of ¢* maintained by node ¢, and p[k] can be viewed as the
estimate of p* averaged among inverter nodes since (15) can
be rewritten as follows:

8]~ S Vi), &),

where V;fi(p,&;) is the gradient of the node i local
cost function, f;(p,&;), with respect to p. Define £[k] =
L >0 &5[k]. By using (12b) or (13), we have that

m

Z Ve fi(D

If local estimates &; [k] are close to the average &[k], (18) —
(19) can be seen as the gradient descent method for solving
P;. Then, the goal of the distributed averaging step is to
ensure that the local estimates stay close to the average.

plk+1] = (18)

fh+1)= &R (19)

IV. DISTRIBUTED FREQUENCY CONTROL WITH
ASYNCHRONOUS INFORMATION EXCHANGE

In this section, we assume G/)[k] is undirected, and relax
the assumption that information exchange between neighbor-



ing nodes happens simultaneously. Thereby, we allow the
possibility that if node 7 receives information from node
j during time interval ({,tg+1), node j might not receive
information from node 7 during the same time interval.

A. Distributed Subgradient Method with Alternating Averag-
ing

Here, we propose a method, in which, instead of having
one estimate of ¢*, node ¢ maintains |[A;| local estimates
with each estimate corresponding to a communication link.
Via distributed averaging between ¢ and j, the estimates
corresponding to link {4, j} are driven to a common value.
Additional gradient terms are included into the gradient step
to perform local averaging, i.e., to drive all local estimates at
each node to the same value. Thus, all distributed averaging
steps across the network are decoupled from each other since
updates of any two estimates corresponding to the same link
involve only two nodes, the ends of the link, as opposed
to performing averaging across all nodes of the network.
Another idea used in the proposed algorithm is to alternate
averaging between neighboring nodes by using a simple
message passing protocol. In other words, node ¢ performs
averaging of its estimate with the estimate of node j, and
before it performs another averaging with node j, it waits
for node j to perform averaging.

We arbitrarily assign an orientation to each edge in Eéo),
and denote by (i, j) the edge oriented from i to j, i.e., (¢,7)
is incident to j. Let g(oi) denote the set of oriented edges
that result from this arbitrarily chosen orientation. Suppose
(1,7) € ED . Let z;; denote the estimate of (* at node ¢
corresponding to communication link {7,5} € £Y)[k]; next,
we explain how z;; is updated. Let {k;};° denote a strictly
increasing scalar sequence, which describes the averaging
instances between nodes ¢ and j. Suppose node j performs
averaging using node ¢ estimate at {ko}$2,, and node i
performs averaging using node j estimate at {kor 1 — 1152,
where kot11 — 1 > koy, which means that nodes ¢ and j
perform averaging in alternating way. We include additional
terms into gradient-like step responsible for performing local
averaging as follows:

gz] Z b]l Zl] zll[k])
leEN;
+ T (Dizalk] = PO,

in which the first gradient term is responsible for performing
local averaging, and the second one for eliminating the
frequency error. Then, the update iteration for z;; at k = koy
is given by

Zilk+1] = (1— alklg'D (K],

(20)

where 0 < aj; < 1 and 0 < b; < 1 are constant and
symmetric weights, i.e., a;; = a;; and b;; = b;. Here, the
update (20) includes three steps: (i) averaging with neighbor
1 estimate, z;;, (i) the gradient term driving all node j
estimates, zj;’s, to a common value, and (iii) the gradient

aji)zjilk] + agizig[k] —

term for estimating ¢*. The update for zj; at k ¢ {kos}72,
is given by

olkg;! K]
Node i estimate, z;;, is updated as follows. At k & {kor 41 —
1320,

zjilk + 1] = zj;[k] — 21

zijlk + 1] = 2i;[k] — ofk]gy k), (22)
and, otherwise, for any ¢ > 0,
zijlkots1] = (1 — aij)zij[koe] + aijzjilkad]
+ (zijlkaer1 — 1] = zij[kad])
+alkaer — g0 kaepr — 1], (23)
which, by using (22), can also be rewritten as
zijlhars1] = (1 — aij)zizlkae] + aijzji[kot]
Ak’gt—l
_ (4)
> alky+slgy [k + 5], 24)

s=0
where Ak, = k1'+1 — k,
The frequency controller in (4a) will then take the follow-
ing form:

. P(I)
0; = INI Z Zij, (25)
resulting in the following closed-loop system:
PDk + }*P(”[k] —afk]S(WPD[K] —¢[K]), (26a)
&ilk INI JEXA:/ zijlk], i € VO, (26b)

Now, we present one of the main convergence results.

Proposition 3. Let G[k] be undirected and assume that
Assumptions 1 — 2 hold. Consider the scenario when the
simultaneous information exchange between neighboring
nodes is not guaranteed. Then, P! [k] generated by the
closed-loop system (20) — (22), (26) converges to pD= if
alk] satisfies Y 5o, @?[k] < oo, and > po , alk] = .

In the following, we introduce the message passing pro-
tocol so as to ensure that the iterations in (20) — (23) are
properly executed.

B. Message Passing Protocol
Here, we propose the message passing protocol for imple-

menting alternating averagmg between neighboring nodes.
For every link {i,j} € £, node i maintains u(j [k] and

VJ(Z) [k], and additional variables ,uf )[k:] and u( )[k:] if (,1) €
5_'( ), at iteration k, and updates them as follows:

. ©)] e (g (I
i k if (j,4) € EW k],
Vj('i) k] = ](z)[ ] (j ) (k] 27)
v;i [k —1] otherwise,
, (D 1 if O = O —
I/(Z)UC] — l/zj [ ] ] 1 I/ji [ ] I/j’L [ ]7
" zx(j)[k —1] otherwise,
(28)



and, if (j,) € £,

, @) e (8) (@)
@ ) op k=1 if v/ k] =v; [k —1],

Nkl = ©j ji ji 29
tig (K] { 2i; (k] otherwise, 29)
(4) e (3) (@)

D) = 4 Hji [k —1] if v [k] = vy, [k = 1], 30
i ] { zji [k otherwise. 30)

If (i) € L), then, 1/(1) k], ,uz(-;-) [k] and ,u%) [k] comprise the
information that node ¢ needs to send to node j during time
interval (t,%r41). Otherwise, if (i,5) € £ then, l/(j)[k]
and z;; (k] comprise the information sent by node ¢ to node j.
Assuming the scheme execution starts at &k = 0 and (¢, j) €

&), the initial values of V(J)[k] j(z) k], (])[k:] and l/(])[k]
need to be set to Vi(j)[()] =1, u( )[0] =0, u(])[O] =0, and
l/i(jj-)[O] = 0. Also, node j sets uz(-j) [0] =0, and M(J)[O} =0.
The reason for setting I/i(;f) [0] = 1, and other variables to zero
is that for each link (i, j) € £ we choose i to be the node
that initiates the execution of the message passing protocol
at k= 0.

The scheme based on the bidirectional acknowledgement
in (27) — (30) synchronizes estimate averagln between each
pair of neighboring nodes. In particular, ul] [k] assumes a
role of acknowledgement flag sent by node ¢ to node j to
indicate that information from node j has been received and
used to perform estimate averaging in (24). Node 7 initiates
information exchange if (i,j) € & by sending the most
recent value of z;;. If acknowledgment flag sent by node ¢ is
new, node j averages its estimate z;; with the received z;;,
updates u%), uz(-;-) and its acknowledgement flag, VJ(-g), and
sends them to node ¢. Once a new acknowledgement flag
arrives from node j, node i uses ij) and ugl) to perform
averaging in (24) to update z;;.

By using the message passing protocol in (27) — (30), we
rewrite the updates for z;;[k] and zj;[k] in (20) — (23) as
shown next. Assuming (7,j) € £so’, the updates for z;; are
given by

Ziilk + 1] = (1= ajo)2z;ilk] + ajizi5[K] — alklgil [K],

31)

if (i,5) € ED[k] and v [k] # v [k — 1], and
2jilk + 1] = z5:[k] — a[k]g$[K], (32)

otherwise. The updates for z;; are given by:
2ilk 41 = (1= aiy)u) [K] + ai;n) k]

+ (zglk] — ) K]) + alklgP ), (33)

if (j,4) € ED[k ]andu [k ]7& [k — 1), and
zijlk + 1] = 2i5[K] — ofk]gl} [k], (34)

otherwise.

V. CONCLUSION

In this work, we proposed frequency controllers for undi-
rected and directed time-varying communication graphs. The

controllers guarantee satisfaction of the frequency regulation
and load sharing objectives provided some standard assump-
tions on the communication graphs hold. For undirected
communication graphs, we proposed the distributed subgra-
dient method with alternating averaging which ensures con-
vergence when information exchange between neighboring
agents is not necessarily simultaneous.

REFERENCES

[1] T. Vandoorn et al., “Microgrids: Hierarchical control and an overview
of the control and reserve management strategies,” IEEE Ind. Electron.
Mag., vol. 7, no. 4, pp. 42-55, Dec. 2013.

[2] D. Kempe, A. Dobra, and J. Gehrke, “Gossip-based computation of
aggregate information,” in Proc. IEEE Symposium on Foundations of
Computer Science, Oct 2003, pp. 482-491.

[3] A.Nedic¢ and A. Ozdaglar, “Distributed subgradient methods for multi-
agent optimization,” IEEE Transactions on Automatic Control, vol. 54,
no. 1, pp. 48-61, Jan 2009.

[4] F. Bénézit et al., “Weighted gossip: Distributed averaging using non-
doubly stochastic matrices,” in IEEE Int. Symp. Inf. Theory, June 2010,
pp. 1753-1757.

[5]1 A. D. Dominguez-Garcia and C. N. Hadjicostis, “Distributed algo-
rithms for control of demand response and distributed energy re-
sources,” in IEEE Conference on Decision and Control and European
Control Conference, Dec 2011, pp. 27-32.

[6] A. D. Dominguez-Garcia, C. N. Hadjicostis, and N. H. Vaidya,
“Resilient networked control of distributed energy resources,” IEEE
Journal on Selected Areas in Communications, vol. 30, no. 6, pp.
1137-1148, July 2012.

[71 A. Nedi¢ and A. Olshevsky, “Distributed optimization over time-
varying directed graphs,” IEEE Transactions on Automatic Control,
vol. 60, no. 3, pp. 601-615, March 2015.

[8] C. N. Hadjicostis, N. H. Vaidya, and A. D. Dominguez-Garcia,
“Robust distributed average consensus via exchange of running sums,”
IEEE Trans. Autom. Control, vol. 61, no. 6, pp. 1492—-1507, June 2016.

[9] C. Xi and U. A. Khan, “Distributed subgradient projection algorithm
over directed graphs,” IEEE Transactions on Automatic Control,
vol. 62, no. 8, pp. 3986-3992, Aug 2017.

[10] X. Zhang and A. Papachristodoulou, “Redesigning generation control
in power systems: Methodology, stability and delay robustness,” in
Proc. IEEE Conf. Decision and Control, Dec 2014, pp. 953-958.

[11] S. Liu, X. Wang, and P. X. Liu, “Impact of communication delays on
secondary frequency control in an islanded microgrid,” IEEE Trans.
Ind. Electron., vol. 62, no. 4, pp. 2021-2031, April 2015.

[12] J. Lai, H. Zhou, X. Lu, X. Yu, and W. Hu, “Droop-based distributed

cooperative control for microgrids with time-varying delays,” IEEE

Trans. Smart Grid, vol. 7, no. 4, pp. 1775-1789, July 2016.

C. Ahumada, R. Cérdenas, D. Sdez, and J. M. Guerrero, “Secondary

control strategies for frequency restoration in islanded microgrids with

consideration of communication delays,” IEEE Trans. Smart Grid,

vol. 7, no. 3, pp. 1430-1441, May 2016.

[14] J. Lai, H. Zhou, X. Lu, and Z. Liu, “Distributed power control for ders
based on networked multiagent systems with communication delays,”
Neurocomputing, vol. 179, no. Supplement C, pp. 135 — 143, 2016.

[15] H. Cai and G. Hu, “Distributed nonlinear hierarchical control of ac
microgrid via unreliable communication,” /EEE Trans. Smart Grid, to
appear.

[16] J. Schiffer, F. Dorfler, and E. Fridman, “Robustness of distributed
averaging control in power systems: Time delays & dynamic com-
munication topology,” Automatica, vol. 80, pp. 261 — 271, 2017.

[17] S. T. Cady, A. D. Dominguez-Garcia, and C. N. Hadjicostis, “A
distributed generation control architecture for islanded ac microgrids,”
IEEE Trans. Control Syst. Technol., vol. 23, no. 5, pp. 1717-1735,
Sept 2015.

[18] M. Zholbaryssov and A. D. Dominguez-Garcia, “Distributed enforce-
ment of phase-cohesiveness for frequency control of islanded inverter-
based microgrids,” IEEE Trans. Control Network Syst., to appear.

[19] J. Simpson-Porco, F. Doérfler, and F. Bullo, “Synchronization and
power sharing for droop-controlled inverters in islanded microgrids,”
Automatica, vol. 49, no. 9, pp. 2603-2611, 2013.

[13

[t



