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ABSTRACT

The integration of volatile renewable energy into distribu-
tion networks on a large scale will demand advanced volt-
age control algorithms. Communication will be an integral
part of these algorithms, however, it is unclear what kind
of communication protocols will be most effective for the
task. Motivated by such questions, this paper investigates
how voltage control can be achieved using event triggered
communications. In particular, we consider online algorithms
that require the network’s buses to communicate only when
their voltage is outside a feasible operation range. We prove
the convergence of these algorithms to an optimal operating
point at the rate O(1/t), assuming linearized power flows.
We illustrate the performance of the algorithms on the full
nonlinear AC power flow in simulations. Our results show
that event-triggered protocols can significantly reduce the
communication for smart grid control.
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1 INTRODUCTION

Smart grids are meant to integrate large amounts of renew-
able energy resources into our distribution networks. For
this to be possible, the voltage fluctuations from renewable
resources must be countered with advanced control [8]. A
prominent solution has been to use the injection of reactive
powers from solar or PV-inverters to regulate the voltage
fluctuations in the network. Much work has considered purely
local controllers where each bus with an inverter regulates
its reactive power injection based only on local voltage mea-
surements, see [13, 16, 26] and references therein. However,
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it has been shown that such purely local control algorithms
are generally insufficient in voltage regulation [9, 16]. This
means that the voltage regulation is generally not possible
without some form of communication. This has sparked much
research on distributed algorithms where the buses regulate
their voltage by using some form of communication with
other buses [6, 7, 17, 18, 22, 25].

In networked systems, event triggered control and com-
munication algorithms have the potentiality to reduce the
control and communication costs [11, 23]. These algorithms
are based on performing a control action or communication
only when the system demands it instead of at predetermined
time instances. In fact, event triggered communication has
been considered in the power system literature [12, 15, 24].
The work in [15, 24] considers the economic dispatch prob-
lem and the DC-OPF problem, respectively, and therefore
does not deal with reactive power or voltage regulation. The
work in [12] is more related to our work and considers event
triggered algorithms for distributed reactive power sharing
in micro grids. However, differently from [12], we consider
algorithms that find an optimal operation point of the voltage
regulation in terms of reactive power costs, instead of just
stabilizing the system. Moreover, unlike [12], the algorithms
developed in this paper enforce hard operation limits on
the reactive power injections and also (in the limit) on the
voltages, which must usually be respected in real-life systems.

The goal of this work is to develop algorithms for opti-
mal voltage control using event triggered communication
between the network’s buses. The buses control their reac-
tive power injection (within hard operation limits) based on
local voltage measurements and possibly a communication
of local Lagrangian multipliers that are associated with a
violation of the local voltage constraints. The Lagrangian
multiplier of each bus can intuitively be considered a price
to the other nodes for violating the bus’s voltage constraint.
In the considered algorithms the network’s buses only need
to communicate at critical times when both a) the local
voltage constraint is violated and b) when the difference
between local and global version of the Lagrangian multi-
pliers is significant enough. Hence, these algorithms have
the potential to reduce the communication need significantly.
We consider two communication structures: a) where each
bus broadcasts its local Lagrangian multiple to the other
buses and b) where each bus broadcasts its local Lagrangian
multiple to a System Operator that then coordinates the
algorithm (also in an event triggered fashion). We prove the
convergence of the algorithm to an optimal operation point
at the rate O(1/+/t) when the power flows are linearized.
We also show how this convergence rate can be accelerated
to O(1/t) by intelligent parameter tuning. We illustrate the
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performance of the algorithm on the full nonlinear AC power
flow in simulations.

1.1 Notation

The imaginary unit is denoted by i, i.e., i = /—1. The
set of real, complex, and natural numbers are denoted by
R, C, and N, respectively. The set of real n vectors and
nxm matrices are denoted by R™ and R™*™, respectively.
Otherwise, we use calligraphy letters to represent sets. The
superscript (-)T stands for transpose. diag(A, ..., A,) de-
notes the diagonal block matrix with A1,..., A, on the di-
agonal. We define the proximal operator of a function g as
prox_(g)(z) = argmin g(y) + %Hx — z|| (following the nota-

y
tion in [4]). || - || denotes the 2-norm for both vectors and

matrices. That is [|a|| = \/>_7_, af and [|A|| = /327, -, A

The projection of z € R to [a, b] C R is denoted by [z]4.

2 SYSTEM MODEL AND PROBLEM
FORMULATION

2.1 System Model

Consider a radial power distribution network with N + 1
buses represented by the set Ny = {0} UN, where N' =
{1,...,N}. Bus 0 is a feeder bus and the buses in N are
branch buses. Let £ C Ny x Ny denote the set of directed
flow lines, so if (i,7) € & then ¢ is the parent of j. For
each i, let s;, = p; +iq; € C, V; € C, and v; € Ry denote
the complex power injection, complex voltage, and squared
voltage magnitude, respectively, at Bus 4. For each (i.j) € &,
let Si; = Pi; +1Qs; € C and z;; = 735 + ixs; € C denote the
complex power flow and impedance in the line from Bus ¢ to
Bus j. The relationship between power and voltage can be
given by the branch flow model for radial networks [1, 2] as

—pi =Poyi = 1o illoil> = Y P, €N, (1a)
k:(i,k)EE

—q; :Qaii - xoi,i‘[ai,i|2 - Z Qik> (S N? (1b)
ki(i,k)€E

vj—vi =—2ri; Pij—2@i;Qij+ri; | I | +ai| I |°, (i,5) € €,
(1lc)
P+ Q3
e =29 e (1)
v

where o; is the parent of bus i € N. A subset Z C N of I
buses have a PV-inverter that can inject reactive power to
the system to help regulate voltage fluctuations. Without
loss of generality, we assume that Z = {1,...,I}. Denote the
voltage and reactive power on the inverter buses by

car]t € R

In this paper, we design algorithms for the full nonlinear
power flow model in Eq. (1). However, in our algorithm devel-
opment we use information from the linearized branch flow
model [1], which has been shown to give good approximation
of distribution circuits. We will also prove the convergence
of our algorithm under the linear model. The linear model is

v=[v1,...,v7]" €R" and ¢=]q,...
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obtained by setting |I;;|* = 0, which is generally a fair ap-
proximation since |I;;|? is usually of much smaller magnitude
than v;, P;j, and Qs; [1]. By rearranging Eq. (1) we get that

v=Xqg+d, (2)
where d = XN¢™' + Rp + 1vo, "' = [g141,...,qn]" is
the reactive power at the non-inverter buses in N'\ Z, p =
[p1,...,pn]"T is the real power injection at each bus, and the
matrices X € RIXT XN ¢ RMXN=I and R € RPVN are
given as

Xij :2Z$hk, X%\;IZQ Z Thi, Rij =2 Z Thi,

(h,k)EP;NP; (h,k)EP;NPar 4 (h,k)EP;NP;

where P; C £ is the set of edges in the path from Bus 0 to i.

2.2 Optimal Voltage Control

When the real power injection p has been decided, then
voltage control is needed to tune the reactive power injection
g on the inverter buses to adjust their voltages v within some
feasible range v € [v, 8]. The reactive power injection can be
adjusted within some interval ¢ € [g, . From the previous
section, we can define the output voltage v when we input the
real and reactive powers p and ¢ into the circuit as follows:

v(q) := Solution to Eq. (1) for p and ¢ given.  (3)

Ideally, we wish to find the optimal reactive power by solving
an optimization problem:

Qag
Zci(Qi) = qu + bigi + ¢

i€l

minimize
q1ls---yq9n

(4)

subject to v <w(q) <V

where C;(¢;) is the quadratic cost of injecting ¢; units of
reactive power at bus i. We are often only interested in
solving the feasibility problem, i.e., the problem of finding
any reactive powers g that enforce the voltages inside the
feasible range v < v(q) < . In this case we simply put
a; = 1 and b; = 0. However, there are situations were some
feasible reactive powers are more desirable than others, e.g.,
in PV generators we generally want the apparent power to be
small so it is desirable to minimize g?. Moreover, in dynamic
environments where p is changing quickly we might want to
reduce the fluctuations in ¢; over time by proper choice of
C;(+). The goal of this paper is to establish algorithms that
solve the problem using event-triggered communication.

2.3 Event-Triggered Algorithms

We study how the optimization problem can be solved with
distributed feedback control algorithms. We could consider
local algorithms where each bus i € Z updates its reactive
power based only on local voltage measurements?

vi(t) = vi(q(t)) (5a)
qi(t+1) = Ki(vi(1)), (5b)

Measurement:

Control:

Adj. | gCon. here

1Th_e reactive power can be decomposed into ¢ = ¢
g% is adjustable and ¢®°™ is fixed.
2 With slight abuse of notation we denote v; (t) := v; (q(t)).
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where K;(-) is some local controller. However, the impossi-
bility result in [9] shows that such local controllers can in
general not even find a feasible solution to (4). Therefore, we
must include some form of communication in the control law
in Eq. (5b). Such communication can be modeled as follows:

qi(t +1) = Ki(vi(t), Commi(1)), (6)

where Comm;(¢) is information that bus ¢ has received from
other buses until iteration t¢.

In this paper, we study how the communication at each
bus can be limited to only critical events, e.g., when the bus’s
voltage is violated. In particular, we let the communicated
information Comm;(t) be event-driven. That means that each
bus i € Z communicates a local Lagrangian multiplier related
the local voltage constraint [v,, ;] only when the constraint is
violated and when there has been significant enough change in
the Lagrangian multiplier. This triggering event (that v;(t) ¢
[v;, Us]) is a natural choice since the buses need the help from
the other buses to maintain their voltage in the feasible range
[v,,;], while the reactive powers can be maintained locally.

REMARK 1. We consider both algorithms were a) the in-
verter buses broadcast information to the other inverter buses
and b) where the coordination is managed by a system opera-
tor (still in event-trigger fashion). We note that the former
communication scheme a) is reasonable in current systems
where reactive controllers are usually sparse and the set T
is small. Or in micro grids and even in larger grids if the
number of communications can be kept sufficiently low by
the event-triggered mechanism. However, in general large
networks communication scheme b) is more suitable.

3 ALGORITHM: EVENT TRIGGERED
OPTIMAL VOLTAGE CONTROL

In this section we describe our event triggered voltage control
algorithms for solving Problem (4). In Section 3.1 we consider
a distributed event triggered algorithm where the nodes
broadcast relevant information when needed. In Section 3.2
we consider a variant of the algorithm where the solution is
coordinated by a system operator which both receives and
sends information to the buses in an event triggered fashion.

3.1 Distributed Algorithm

The following event triggered algorithm solves the optmiza-
tion problem in Eq. (4). We discuss its main steps and prop-
erties below.

DIST-ETVC Algorithm: Distributed Event Triggered Op-
timal Voltage Control

STEP 1 Initialization: Set ¢t = 0, and X;(0) = \:°****(0) =
Abecal (0) = ALeeal(0) = A/(0) = 0 for all 4,5 € T.

STEP 2 Local Control: Each bus ¢ € Z injects into the
grid the reactive power

(1) = {1 (Z XX () - b)} @

JET q

=i
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where a; and b; come from the cost in Eq. (4).
STEP 3 Local Measurement and Computation: Each
bus ¢ € 7 measures the voltage magnitude

vi(t) = vi(q(t))
and then updates A, and \; as follows
A1) =T () + y(wy — vil()]+ (8a)
AP+ 1) =[N () + y(vi(t) —w) 1+, (8b)
ALocal (t+1) :AEC’Cal (t+1)— 5\15“31(15 +1) (8¢c)

where v > 0 is a step-size parameter.

STEP 4 Event Triggered Communication: Each bus
i € T decides whether it should communicate as
follows.

e If either

(@) NP (t+1) = 0 and A\°*(t) =0 or
(b) AR (¢ + 1) — A\i(t)| < ET(t) :
Then do not communicate and set
Ai(t+1) = Ai(t).
e Otherwise: Set
it +1) = AP+ 1)

and broadcast A;(t + 1) to the other nodes.
Then each inverter bus ¢ € Z can update its local
version of A as follows
Aj(t) if no communication is
M(t+1) = received from bus j
Aj(t+1) otherwise.

STEP 5 Set t =t + 1 and go back to STEP 2.

The algorithm is a variant of a dual gradient/decomposition
method where A°®' and \;°°®! are the dual variables re-
lated to the constraints v, < v;(q) and v;(q) < 7;, respec-
tively, as we show in Section 5. The local dual variable
Apecal — plLecal _ jLecal 4t bus i can be thought of as a price
for violating bus’s i voltage constraint. In particular, when
Aeeal > (0 then bus i needs help from the other buses to
decrease its voltage v;(t) and when A:°®* < 0 then bus i
needs help to increase its voltage. The variable \; denotes
the most recent value of Ai°°®* that bus ¢ has communicated,
and )\;» = \; is a local copy node j has of \;. The variables
i and A:°®! are generally not the same since the nodes do
not communicate at every iteration, see discussion below. In
STEP 1 the algorithm is initialized, we initialize the vari-
ables at zero but other values could be considered as well. The
local reactive power control in Step 2 is based on the dual
variables and is obtained by solving a local sub-optimization-
problem, which is a typical part of dual gradient methods,
see next two sections for the details. The local A-update in
Step 3 is a standard gradient update for the dual problem
of the primal problem in Eq. (4). This step requires no com-
munication since v;(t) can be measured after the buses inject
their reactive power g;(t) into the system.
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The main difference from standard dual gradient methods
is in the communication in Step 4. The communication is
not carried out at every iteration, instead it is triggered by
the dual variables. In particular, bus ¢ does not communicate
when either condition (a) or (b) take place but communicates
otherwise. In case (a), when X;°°®!(¢t + 1) = 0 then neither
constraint v; < v;(g) nor v;(q) < o; is violated. Therefore,
the node does not need help from the other nodes to optimize
its local objective function “Q—qu + biq; 4+ ¢i. This means that
if the algorithm converges to the optimal solution ¢* and
v* = v(¢*), then bus i needs to communicate only finite
number of times provided that v} is strictly inside [v,;, 75]. In
general, A;°®!(¢ 4 1) changes from being 0 only if the voltage
limit v;(¢) € [v;, ] is violated (see Eq. (8)). Therefore, the
first communication of each bus happens the first time its
voltage limit is violated. For example, if at bus ¢ the voltage
limit is satisfied during the first T iterations (v;(¢) € [v,, ;]
for t =0,...,7 — 1) then it does not communicate during
the first T iterations. If bus’s ¢ voltage limit is then violated
at iteration 7'+ 1 (say vi(t) > ¥;) then A\;°**! becomes larger
than 0 and bus 7 might need to communicate. After that,
bus ¢ might need to communicate while its voltage limit is
violated and v;(t) > ©;. When the voltage v;(t) at bus ¢ enters
the feasible range [u;, ;] then M\;°***(¢) starts decreasing (see
Eq. (8b)) but it might take few iterations for A\;°*** to reach
0 again, at which point bus ¢ stops communicating. However,
if the optimal voltage at node 7, v}, is on the boundary of
[v;, ;] then X;°®*" might not converge to 0 and we will need
condition (b) in Step 4 to stop the communication at bus i.

The communication of each node is further restricted by
condition (b) in Step 4. The condition says that bus i does
not communicate unless the difference between the local
variable A:°®®' and its global counterpart ); is significant
enough. In particular, bus ¢ does not communicate if the
difference [A:°®*'(t + 1) — A\;(¢)| is upper bounded by the
function ET(¢). The function ET : N — Ry can be chosen
arbitrarily. For simplicity of presentation we assume ET(t) is
the same for all the buses. We can set ET(t) = 0 and still
keep all the event-trigger benefits of condition (a). Another
option is to let ET(t) be a constant function, i.e., ET(t) =
k. This would mean that even the buses that have their
optimal voltage v on the boundary of [v;, ;] (e.g. vy = ;)
can converge to approximate solutions in finite number of
iterations. This is reasonable in practice, we are usually
satisfied with obtaining a suboptimal solution in finite number
of iterations, especially in dynamic environments. A third
option is to let ET(¢) be a decreasing function, so that we
allow more flexibility in the initial iterations but enforce
more accuracy as the algorithm proceeds. We show in the
next section that the algorithm converges to an optimal or
approximately optimal solution in all three cases.

The DIST-ETVC Algorithm is fully distributed in the
sense that there is no central authority that takes part in
coordinating the algorithm. Nevertheless, when the buses
communicate they need to broadcast information to the
other inverters in the network. This is reasonable in networks
with small to medium amount of inverters, i.e., when the
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set Z is of manageable size. However, in networks with large
amounts of inverters the information and management of the
network is usually done by a centralized system operator. This
motivates us to consider a decentralized variant of the DIST-
ETVC Algorithm where the system operator manages
the information flow, considered in the next subsection. An
additional complication that can occur is communication
collision, if multiple inverters communicate during the same
iteration. We assume that the underlying communication
protocol does not cause such conflicts, e.g., each node is
allocated an orthogonal communication channel.

3.2 Decentralized Algorithm

We now consider a variant of the DIST-ETVC Algorithm
where the information flow is managed by a system operator.

DEC-ETVC Algorithm: Decentralized Event Triggered
Optimal Voltage Control

STEP 1 Initialization: Set t = 0, and \;(0) = \;****(0) =
Abeea(0) = ALt (0) = 2;(0) = 25°°**(0) = 0 for all
1€l

STEP 2 Local Control: Each bus i € Z injects into the
grid the reactive power

) = |2 @ —o)|

g
4;

where a; and b; come from the cost in Eq. (4).

STEP 3 Local Measurement and Computation: Same
as Step 3 in the DIST-ETVC Algorithm.

STEP 4 Event Triggered Communication: Is same as
Step 4 in the DIST-ETVC Algorithm except
when bus ¢ communicates then it sends \;(¢) to
the system operator.

STEP 5 System Operators Update - Computation
and Event-Triggered Communication: The
system operator updates z as follows

z(t+1) = XAt +1). (9)

For all i € Z the system operator decides if it

communicates the new value z;(t + 1) to bus i as

follows.

o If |z;(t+1)— 2:°°®*(¢)| < ET(¢): then do nothing
and bus 7 will update its local variable as

Zi_..ocal(t + 1) — Zgocal(t).
e Otherwise: Set
20t 1) = zi(t+ 1)

and communicate the new value 2:°°* to bus i.
STEP 6 Set t =t + 1 and go back to STEP 2.

The main difference from the DIST-ETVC Algorithm
is Step 5 performed by the system operator and small mod-
ifications to Step 2 and Step 4 in the DIST-ETVC Al-
gorithm. Moreover, we have introduced the new variables
z and 2", The variable z aggregates the information X\
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that the buses need to update their reactive power ¢; in
Eq. (7) of the DIST-ETVC Algorithm. This information
is maintained by the system operator and updated according
to Eq. (9) in Step 5 of the DEC-ETVC Algorithm. The
variable z:°?®! denotes the most recent information bus 4 has
received about the value of z;. The system operator sends
the new information z;(¢ + 1) to bus ¢ only if it has changed
significantly enough compared to z;°®*!, where the signifi-
cant change is measured by the function ET(¢). As before,
we assume that ET(¢) is the same for all the buses and the
system operator to simplify the presentation. Similarly as
in the DIST-ETVC Algorithm ET(¢) can be constant or
decreasing function, we will explore both choices in simula-
tions in Section 6. Moreover, we assume, similarly as for the
DIST-ETVC Algorithm, that there are no communica-
tion conflicts even though multiple buses communicate during
the same iteration or if the SO communicates to multiple
buses during the same iteration.

The DEC-ETVC Algorithm nicely decouples the local
and global information between the buses and the system
operator. In particular, unlike in the DIST-ETVC Algo-
rithm, in the DEC-ETVC Algorithm the buses do not
need to know any global network information, such as the
parameters of the matrix X. Such global information is main-
tained by the system operator in the update of z(t + 1) in
Eq. (9). Still, the system operator does not need to access
any local information from the buses, such as the local cost
function %qf + big; + ¢; or bounds a5 Gi> Vs and v;. We
illustrate the main difference between the communication
structures of the two algorithms in Figure 1.

4 MAIN CONVERGENCE RESULTS

In this section we highlight the convergence properties of the
algorithm. In particular, we provide our main convergence
results in Section 4.1. We then discuss how the convergence
can be improved in Section 4.2. We focus our attention in this
section on the DIST-ETVC Algorithm, and leave rigorous
convergence analysis of the DEC-ETVC Algorithm as
future work.

4.1 Main Results

We now show that the DIST-ETVC Algorithm converges
to the optimal solution to Problem (3).

THEOREM 1 (CONSTANT STEP-SIZE). Suppose that the
relationship v(q), between the voltage and reactive power,
follows the linear Eq. (2) and that

1

and let ¢ be the optimal solution to Problem (3), amin =
min{a1,...,ar}, and \* € R3™ be a constant given in Sec-
tion 5.2. Then we have the following results:
a) If ET(t) = 0 then

A7 1

—, forallteN.
4/ @min”Y \/7?

lg(t) = q"[| <
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b) If ET(t) = K then

. \* 1
la(t) — g7 < AL L

RV4 Amin”Y \/{

2|IX1IvT
Y/ Qmin

vk, foralltcN,
where
1
a0 =1 3 a(r). (10)
—1

c¢) For general ET(t) we have
1

1
) — ¢ € —— M|+ 2A(t or all t € N,
1) 0"l < s TNl +24(1) 1
where
4XIPVT §

Alt) = ——M—— ET(T). 11

(0= ) (1)
PROOF. See Section 5.2. O

The theorem establishes the convergence of the DIST-
ETVC Algorithm for three different choices of the func-
tion ET(t). We note that these results are theoretical upper
bounds, establishing what behavior we can expect in the
worst case. We illustrate in simulations that the algorithm
converges faster in practice. Moreover, to yield the results
we have considered the linear voltage Eq. (1) instead of the
full nonlinear Eq. (2). We note that because of the high non-
linearities of Eq. (2) it is very difficult to get any theoretical
guarantees by using the full model. However, by proving the
convergence under the linear model we provide theoretical
foundations to the algorithm, which are then complemented
by evaluating the algorithm in simulations under the full
nonlinear model in Section 6.

Part a) of the theorem shows that when ET(¢) = 0 then the
algorithm’s iterates g(t) converge at the rate O(1/+/) to the
optimal solution ¢*. That means that we need at most K/€2
iterations, where K = [|\*||?/(amin7), to obtain an ¢ > 0
accurate solution, i.e., to find ¢ such that € > [|g—¢*||. Part b)
of the result establishes the convergence when ET(t) = x > 0,
i.e., when ET(¢) is a constant function. In this case we show
that the average value q(t) of the iterates converges to the
optimal value ¢*, see Eq. (10). In particular, §(t) converges at
the rate O(1/+/%) to an approximate solution, which gets more
accurate as k decreases. This is natural, since when we reach
an k-accurate solution then the buses do not communicate
meaning that they cannot improve their estimates further.
Such approximate solutions are reasonable in practice, since
we can only run limited number of iterations in real-world
application and hence must generally suffer some inaccuracies.
We note that even though the theorem establishes only the
converge of ¢(t), we show numerically in Section (6) that g(t)
has similar convergence behavior.

Part 3) of the theorem shows that we can ensure an as-
ymptotic convergence of §(t) to the true optimal value ¢*
when ET(¢) > 0, as long as ET(¢) converges to 0 fast enough.
For example, if ET(t) are summable

> CET(t) < oo,
t=0
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System Operator (SO)

Bus ¢

Event-triggered-communication at iteration t:

o If |z;(t+ 1) — 2k°(¢)| < ET(¢): Commu-
nicate nothing to bus <.

o Otherwise: set

250 (6 4+ 1) = 2 (t + 1)

Event-triggered-communication at iteration t:

o If either condition (a) or (b) in Step 4
happens: Communicate nothing.
e (therwise: set
Xi(t+1) = AP+ 1)

and broadcast \;(t+1) to the other
inverters.

and communicate 2:°%®!(¢t + 1) to bus 4.

/

. J
Xi(t+1) 2t (t+1)
/
Bus 4
Ai (t+1) )\'L(t-f-].) >\7, (t—|—1) )\7,(t+1) Event-triggered-communication at iteration t:

happens: Communicate nothing.

® If either condition (a) or (b) in Step 4
o Otherwise: set

|
[Busl] [BusQ}"'[BuSI—lj [Bus[}

(a) DIST-ETVC Algorithm

Xi(t+1) = A (e + 1)
and communicate A;(t+1) to SO.

(b) DEC-ETVC Algorithm

Figure 1: The communication in both algorithms. In the DIST-ETVC Algorithm the inverter buses broadcast
the value of the dual variable \;(t+ 1) when a local triggering event takes place. In the DEC-ETVC Algorithm
the buses communicate \;(¢ + 1) only to the System Operator when the local triggering event takes place.
Similarly, the System Operator, communicates the value z;(t + 1) to bus i only if it has changed significantly
enough from the local value 2°°*(t).

e.g., ET(t) = p' for p € (0,1), then g(t) converges to ¢*
at the rate O(1/+/t). Similarly, if ET(¢) decreases as O(1/t)
then A(t) = O(log(t)) and G(t) converges to ¢* at the rate
O(log(t)/+/t). We note that the convergence analysis in case
c) is based on the inexact proximal gradient methods in [21],
which provides a more thorough discussion on how different
choices of ET(t) affect the convergence rate. Like before, we
note that the numerical results in Section 6 show that q(t)
converges similarly as q(t).
We have the following guarantees on communication.

THEOREM 2 (COMMUNICATION). Suppose that the rela-
tionship v(q), between the voltage and reactive power, follows
the linear Eq. (2). Let ¢* € R™ be the unique optimal solution
and set ET(t) = 0. If v} := v;(¢*) € (v;, Vi) then there exists T
such that bus i does not need to communicate after iteration
T, i.e.,

A = Xi(t) =0, forall t>T.
In particular, after iteration T at most |{i € T : v} =
v, or vy = 171}| nodes need to communicate.

PROOF. See Section 5.3. O

The theorem shows that when ET(¢) = 0 then the nodes
that have their optimal voltage v} strictly inside [v;, T;] com-
municate only finite number of times. In our numerical ex-
periments in Section 6, we show that this results holds in
general for all choices of ET(¢). We further show in Section 6
that when ET(¢) is a constant function then every bus needs
to communicate only finite number of times. We leave it for
future work to prove analytically these communication limits
for more general cases than given in Theorem 2.

We now study variants of the algorithm that can provide
better convergence behavior in some cases.

4.2 Improved Convergence

The DIST-ETVC Algorithm is essentially a gradient method
for solving the dual problem. Gradient methods can be ac-
celerated by using, e.g., Nesterov’s algorithm which gives
better convergence behavior [19]. We now illustrate how such
ideas can accelerate the convergence of the DIST-ETVC
Algorithm.

THEOREM 3 (ACCELERATED GRADIENT METHOD). Sup-
pose that the relationship v(q), between the voltage and re-
active power, follows the linear Eq. (2). Consider the DIST-
ETVC Algorithm with ET(t) = 0. Moreover, the updates
in Eq.s (8a) and (8b) are changed as follows for each i. Set
p,(1) =i(1) =0 and a(1) = 1 and for t > 1 do

() =[2; () +v(; —vilt) ]+
fii (t) =[Xi(t) + y(vit) — )1+
1 1+ 4af(t)?
aft +1) =L F V1 F4a®? \/;a()
At +1) =, (0) + (—
Ni(t+ 1) =i () + <7
where v € (0,1/L). Then

lg" () — ¢l < ———=—>
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where ¢* is the optimal solution, \* € R3™ is a constant given
in Section 5.2, and ¢* is defined component-wise as follows

o [ (grnmo )]

q

+i

PROOF. See Section 5.4. O

The theorem shows that the acceleration can generate it-
erates ¢ (t) that converges at the rate O(1/t) to the optimal
solution ¢*, hence improving the O(1/+/t) convergence rate
of the DIST-ETVC Algorithm. This means that we need
O(1/e) iterations to obtain an e > 0 accurate solution, in-
stead of O(1/€?) iterations as in the standard DIST-ETVC
Algorithm. Note that here we are measuring the conver-
gence in the iterates ¢ (¢) but not in ¢(¢). However, as the
algorithm converges then ¢(t) — ¢*(t) converges to zero. We
show in simulations that the accelerated version can improve
the convergence in practice. We now prove these theorems.

5 CONVERGENCE ANALYSIS

In this section we prove the main convergence results from
Section 4.1. First we provide some preliminary results in
Section 5.1 and then prove Theorems 1, 2, and 3, respectively,
in Sections 5.2, 5.3, and 5.4.

5.1 Duality Theory
The dual of the optimization problem in Eq. (4) is given by

maximize D(X) := min £(g, \)
A=(A, ) q€(q,q] (12)
subject to A >0,

where A and X are, respectively, the dual variable associated
to the lower and upper bounds in the constraint [v, 9], D :
R?! — R is the dual function and £(-) is the Lagrangian
function defined as

L(g,A) = Ci(q:) + A" (w—v(g) + A" (v(g) — ), (13)

i=1
where A = (A, A) € R™ x R™, see Chapter 5 in [5] for details.
We have the following result (proved in Appendix A).

LEMMA 1. The dual gradient is

VD(A) = [ “(_(” )q)( ); } (14)

where
a(A) = argmin L(g,A) = [AT'X(A=X) —b]?,  (15)
q€lq,q] 4
where A = diag(a,...,ar) and b= [bi,...,b,]T. Moreover,

VD()\) is L-Lipschitz continuous where L = 4/|X||>/amin

and QAmin = mini:l

From the lemma we can write the update of
()\local j\local)
in Eq. (8) in the DIST-ETVC Algorithm as
AP (1) =X (1) + 4 VD(A()]+, (16)

)\Local =
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where A(t) = (A(t),A(t)). When ET(t) = 0 then A(t) =
Ak (1) and the algorithm is just a standard dual gradient
method

ALocal (t+1) :{ALocal(t) + ’YVD( Local( ))-|+ (17)

When ET(t) # 0 then it can happen that A(t) # A"(t)
meaning that the steps in Eq. (16) do not follow a standard
gradient method. However, the following lemma shows that
Eq. (16) is an inexact gradient method, which has been well
studied recently [10, 21].

LEMMA 2. The steps of Eq. (8) in the DIST-ETVC Al-
gorithm can be written equivalently as

AL (1) =[ AP (1) + (VDA (1)) + e(t) ]+, (18)
VD(A(t) — VDA (1)) € R*! and
le(y)] < AXIEVT

Amin
PROOF. By using that VD(:) is L-Lipschitz continuous
with I = 4[| X||*/amin (Lemma 1) we get

lle®] =lIVDA®)) = VDA (0))|
SL|IA(t) = X (0)]| < LVIET(t)
where we have used that A(t)

h = At) = At), A (t) =
Aol (t) — Af°e2l(¢) and the equivalence between the 2-norm
and oo-norm, i.e., ||z|| < VT||z||s for z € R O

where e(t) =

ET(t).

We will now use the fact that the algorithm is exact or
inexact gradient method to prove its convergence. However,
first we need one more result, connecting the convergence of
the dual variables A (¢) to the primal variables q(t).

LEMMA 3. For any A € R we have

la) ~ 'l /2 (0 - D),

where D* is the optimal value of the dual problem.

PROOF. The proof is similar to the proof of Theorem 1
in [3], but we include it here for completeness. For a fixed X €
R3™ the Lagrangian function £(g, ) in Eq. (13) is strongly-
convex in ¢ with convexity parameter amin, since a; > 0 for
i =1,...,n. Therefore, by Definition 2.1.2 of strongly convex
function in [20] and Theorem 2.1.2 in [5] we have for any
q € [q,q), X € RZ", and ¢(X) defined in Eq. (15) that
A2 g — g0’ || < £(a,A) — £(g(A), A).

Let ¢* € [q,q) and A* € R%™, respectively, be optimal solu-
tions to the primal and dual problems. Then by Eq. (13) we
have (setting A = (A, X))

L(g",X) = L(gN),N) =) Cilal) + A" (v = v(g"))

i=1
+X(v(¢") — ) = D(A)
<D(A") = D(N),
where we have used that D(A*) = Z"zl Ci(q;) by the strong
duality and that AT (v — v(¢*)), AT (v(¢*) — ©) > 0 since
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A >0 and ¢* is a primal feasible point. Combining the two
inequalities above yields the result. O

5.2 Proof of Theorem 1

We have shown that the update of A**°**(¢) in Eq. (8) of the
DIST-ETVC Algorithm is a standard gradient method
when ET(¢) = 0 (cf. Eq. (17)) and an inexact gradient method
otherwise (cf. Eq. (18)). Because of the projection [-]4, it
will be helpful to write the steps of the algorithm equivalently
as a proximal gradient method. We can then directly use the
convergence results in [4] and [21], respectively, for exact and
inexact proximal gradient methods. To that end, we write
the dual problem in Eq. (19) equivalently in the form of the
problem in Eq. (M) on page 14 in [4]

—D(X) +9(N) (19)

minimize
AER2N

where ¢ is the indicator function

g(\) = {20

We can now write the algorithm equivalently as

=[N () + Y (VDA (1)) + e(t)) ]+
:PIOX,Y (g)(ALocal (t) + ’Y(VD(ALocal(t)) + €(t))),

where e(t) is from Lemma 2. We now prove a), b) and c).
Case a): From Theorem 1.1 in [4] we have that

if A\ e RY

otherwise.

ALocal (t+1)

A1

D* 7D ALocal t <
(== (0) < o)

for t>1,

where D* is the optimal value of the dual problem. Combining
this inequality with Lemma 2 we get the result.

Case b): Using the concavity of D(-) and properties of the
proximal operator we get the inequality (for details see, e.g.,
the proof of Eq. (10) in the extended version of [21])

D* _ D(ALocal(t)) S o %”ALocal(t) o )\*H2

1 a
o A (= 1) = NP+ [[e(@)]];
Y
where A* is some dual optimal solution. By summing over ¢
we get

Z D Local(

1
S - | |ALocal (O
2y

)—A*IIQ+ZII6(T)

4 \X H !
||>\ I* + =,
where we have used that A**°®'(0) = 0 in the second inequality.
By taking the average we get

ax|Pr

t
1 * Local 1 *12
= D" — D(X <—|A
tél ( (7)) _27tH L —
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Therefore, by Lemma 3 we have

q(t H_tZHq )=’

1 2
Sz ; \/amin (D
Vi i 2

Si

D (7)

(D* = D(A**(7)))

t Gmin
=1
SRS

- \/{ v/ Y@min

[ 4l X2 1
+ K,
Amin
which yields the result.

Case ¢): From Proposition 1 in [21] we have that

* 1 t oca.
D —D<tZ)\L 1 ) ZD

T=1
< - * 2
<o NI+ 240"

ALocal ( ))

where A(t) is defined in Eq. (11). We can now derive the
result by combining this with Lemma 3 and following similar
steps as in Case b).

5.3 Proof of Theorem 2

Suppose that v} := v;(p*) € (v;,v;). From Theorem 1 and
the fact that v(-) is a continuous function, there exists § > 0
and Tp € N such that v(t) € (v —0,v; +0) C (v;,7;). Then
7 :=min{(v; —9) —v;, % — (v; +9)} > 0. It follows that
v, —vi(t) < = and v;(t) — v, < —n for t > Tp.
Hence, from Eq.s (8a) and (8b) we have for ¢ > Tp that

A (1) < A (To) — (E=To)ynl+, Xi(t) < [Ai(To) — (t—To)yn)+

Therefore, if we set T = Ty + max{2, (To), Ai(Th) }/ () then
N(@)=Xi(t)=0forallt >T.

5.4 Proof of Theorem 3

Here we have changed the proximal gradient method with
constant step-size, in Eq. (17), to fast proximal gradient
method with constant step size, see page 23 in [4]. From
Theorem 1.4 in [4] we have that

* oca. 2||)\*||2
D* — D(AM () < 2020
( ) < y(t+1)2

The convergence rate in Theorem 3 is now obtained by com-
bining this lemma with Lemma 3.

for t>1.

6 NUMERICAL EXPERIMENTS

We test the algorithms on the 56 bus network in [14]. In Sub-
section 6.1 we illustrate the performance of the algorithms
on the full nonlinear AC power flow model. In Subsection 6.2
we test the algorithms on the linearized power flows in Equa-
tion (1) and compare the results to the theory in Section 4.
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Figure 2: Convergence of the algorithms on the full nonlinear AC power flow.

6.1 Full Nonlinear AC Power Flow

We now illustrate the algorithms’ convergence on the full
nonlinear AC power flow grids. To solve the nonlinear power
flow equations we use the MATLAB extension package MAT-
POWER |[27]. In these simulations Bus 1 is the feeder bus and
we assume that there is an inverter that can inject reactive
power on buses 7,8, ..., 18, so there are I = 12 inverter buses
in total. The voltage and reactive power limits are v, = 0.95,
0i =105, ¢, = 2 and ¢; = 2. The real power injections are
chosen at uniform random from the interval [—0.5,1.5]. We
set a; =1 and b; = 0 in C;(gs).

Figure 2 depicts the convergence of the voltages for the
standard and accelerated versions of the DIST-ETVC and
DEC-ETVC algorithms. We test the algorithms for ET(¢) =

0, ET(t) = , ET(¢t) = 10/t, where k = 0.5 in the DIST-
ETVC Algorithm and x = 0.1 in the DEC-ETVC Algo-
rithm. All of the algorithms converge to a solution or fluctu-
ate around an approximate solution. As could be expected,
the accelerated methods generally converge much faster. How-
ever, when ET(t) = k then the accelerated methods induce
more fluctuations than the non-accelerated methods. This
can be expected, since when ET(¢) = x then the algorithms
are equivalent to inexact dual-gradient methods (see Sec-
tion 5) and accelerated gradient methods are generally less
robust to noise [10, 21].

Table 1 summarizes the average number of communications
per bus during the 3000 iterations depicted in Figure 2.
The number in the parentheses indicates the percentages of
iterations when each bus communicates. In all cases the event-
triggered algorithms significantly reduce the communications.
In the worst case buses are communicating during less than
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Figure 3: Convergence of the algorithms on the linear (approximated) power flow.
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10 ‘
2000 4000 6000 8000
Iterations (t)
(2)
Algorithm | ET(¢) | # Comm. Bus | # Comm. SO

DIST 0 851 (28.37%) N

DIST | 05 8 (0.93%) -

DIST | 10/t 417 (13.90%) -
A-DIST | 0 | 562 (18.73%) -
A-DIST 0.5 107 (3.57%) -
A-DIST | 10/t | 442 (14.73%) -

DEC 0.1 | 137 (4.57%) 2 (0.40%)

DEC | 10/t | 857 (14.27%) | 175 (5.83 %)
A-DEC | 0.1 | 428 (29.17%) | 24 (0.80%)

Table 1: The average number of communication per
bus during the 3000 iterations depicted in Figure 2.

30% of the iterations and for the DIST Algorithm with
ET(t) = 0.5 each bus communicates during less than 1% of
iterations without a significant loss in solution accuracy. Even
when ET(¢) = 0 then the event-triggered algorithms save a
large amount of communications. In the DEC Algorithm
with k = 0.1 the OS communicates only 12 times to each bus
(at 0.4% of the iterations). Because of the complexity of the

nonlinear model we cannot find the true optimal solution ¢*.

However, in the next subsection we illustrate the convergence
of ||q(t) — ¢*|| for the linear power flows.

6.2 Linearized Power Flow

We now evaluate the algorithm on the linearized power flow
model in Equation (2). All the parameters are the same as
in the previous section, except here we assume that every
bus except bus 1 is an inverter bus, i.e., Z = {2,3,...,56}
and I = 55. In the DEC-ETVC Algorithm we let ET(¢) =

0.5 at the buses and ET(¢) = 0.1 at the system operator.

The results are depicted in Figure 3, where (a) depicts the
convergence of the reactive powers to the optimal solution and

(b) depicts the average cumulative communication for each
bus. The results show that when ET(¢) = 0 then the algorithm
converges to the optimal solution. However, when ET(¢) = &
then the algorithm converges only to an approximate solution.
Both of these results coincide with what we would expect
from Theorem 1. In all cases the event triggered algorithm
drastically reduces the communication compared to if the
buses and the SO would communicate at every iteration.

7 CONCLUSIONS

This paper explored optimal smart grid control algorithms
that use event triggered communication. In these algorithms
the network’s buses only communicate at critical times when
their local voltage constraint is violated and if the difference
between local and global versions of the variable that they
communicate is significant enough. We proved the algorithms’
convergence to optimal solutions assuming linearized power
flows. We illustrate the good performance on the full nonlin-
ear power flows in simulations. The results show significant
communication reductions of the suggested algorithms.
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A PROOF OF LEMMA 1

The gradient of the Lagrangian function in Equation (13)
with respect to q is

VL(g,A) = Ag+b+ X(X - A).

From Proposition 6.1.1 in [5] the dual gradient is

oo =[5 5h 0 | 20
where
T\ = argni}]l L(q, ). (21)

Therefore, to prove Equation (14) it suffices to show that
q*(A\) = q(\). We prove that by showing that g()\) is the
optimal solution to the optimization problem in Equation (21)
by using Proposition 2.1.2. in [5]. That is we show that

VL(g(A), ) (g —q(N) >0 forall g€ [qg,q]

We have that
VLN, N (g —q(N) = Z ViL(g(N), (g — a:(V),

and hence it suffices to show that a) V;L(g(X),A) = 0 if
a(N) € (gi,tji), b) ViL(g(A\),N\) > 0 if ¢;(\) = 4, and c¢)
ViL(g(N),A) < 0if gi(A) = ¢;. We now conclude the proof
by proving a), b), and ¢) below.

Proof of a): Note that g(\) = [q{jc(x\)]g where

ghc(N) == argmin L(g,\) = A ' XA —X) —b
geR”

is the unconstrained optimizer of L(-,A). If ¢i(X) € (q,, @)
then ¢;(A\) = [gi5c(N)]i. Using that A is a diagonal matrix we
also have that

ViL(g(N), A) =aigi(A) + bi + [X (A = N

=ailghc(V)]i +bi + [X(A = V)]
= ViL(qic(A),A) =0,

where we used that ¢{;c(A) is the global optimizer in the final
equality.
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Proof of b) and ¢): If ¢i(A) = g, then [gic(N)]: < q(N). then from Equations (14) and (15) we have
Therefore, since a; > 0 we have IVD(A\)—VD(A2)]] <2||v(g(A1)) — v(g(A2))]|
0=ViL(ahc(N),N) = ailatc(N)]i +bi + [X(A = A)];, <2[|X1| [lg(A1) — g(r2)]|
<aigi(A) + bi + [X(A = V)]s = ViL(g(A), \) <2IXIPIATY] 1A =Ap+A2— ]|
Condition c) follows from similar arguments as condition b). X2
Finally we show that VD () is L-Lipschitz continuous with <AT—— [|A1 = A,

Gmin
where we have used the triangle inequality in the first and
last inequality and the fact that |[A™"|| = 1/@min-

L = 4]|X | /amin. Take At = (A, A1), he = (g, he) € B,
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