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ABSTRACT This study examines the challenges encountered when using wireless technologies based on
random multiple access for voltage monitoring in low voltage (LV) electrical grids. The introduction of
photovoltaic modules on the roofs of buildings creates the need to monitor the dynamics of the node voltages
of the grid. We consider two related objects —an LV electrical grid and a communication network with devices
in the nodes of the grid. The communication network carries out one-way transmission of monitoring data
from the devices to the LV grid operator and is based on LoRaWAN technology. Transmission is carried out
via a common data transmission medium. We presume that each message contains information about the node
voltage. The messages from each node in the grid are sent to the grid operator at random time intervals and
independently of each other. If the airtimes of messages from two or more nodes overlap, a collision occurs
and none of the messages reach the operator. The operator has to monitor the random voltage behavior over
time to avoid exceeding a certain level (an upper voltage limit). Under the specifics of the voltage random
process, we study the problem of choosing parameters of message transmission to uniformly minimize the
probability of such excess among all nodes. The work precisely formulates the optimization problem and
proposes an algorithm for its solution for the particular case.

INDEX TERMS ALOHA, distributed energy sources, LoRaWAN, optimization problem, photovoltaic,
probabilistic approach, random multiple access, smart grid, spreading factor allocation, voltage monitoring.

I. INTRODUCTION

Nowadays, Low Power Wide Area Networks (LPWAN) are
becoming more and more widespread [1], [2]. They are used
to monitor the results of measurements at objects located over
a large area. Long Range Wide-Area Networks (LoRaWAN)
technologies, which are part of LPWAN, enable low-cost data
transmission and collection systems.

In this work we describe how the specifics of the
transmitted data might be used when the object of monitoring
is the low voltage (LV) power grid. At present, distributed
energy resources (DER) such as photovoltaic modules
(PV) on the roofs of buildings are becoming increasingly
common in many countries. However, random fluctuations
in distributed power generation, caused by stochastic solar
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generation and consumption at grid nodes, have a significant
impact on the voltage profile as compared to traditional
grids [3]. It becomes necessary to monitor the voltages of
the grid nodes.

Thus we consider two related objects — the communication
network and the LV grid. Devices of the communication
network, located in the nodes of the LV grid, send their data
to the base station, with the possible loss of messages. The
grid operator receives data from the base station on a reliable
channel without loss, so we assume the base station and the
grid operator act as one unit.

We consider low-cost monitoring systems (LoRaWAN
devices of Class A) [1], where the device itself initiates
transmission. Approaches in which devices of other classes
are used (that is, Class C, see [4]), we do not consider.
Therefore, a monitoring system in which a message is
transmitted when the upper voltage limit is exceeded does
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not guarantee successful delivery because of the possibility
of other nodes exceeding the limit at the same time because
the voltages in the grid are interconnected. Sending messages
at random intervals is used in similar cases in practice, which
means using the ALOHA algorithm [1], [5], [6], [7], [8] in
such system. So, each node in the grid sends messages to the
operator with information about the current node voltage at
random intervals. The operator monitors the voltage so that
it does not exceed the upper voltage limit, which can happen
during the interval between messages.

Most of the works investigating LoRaWAN optimization
do not take into account the specifics of the transmitted data
(see [5] and references in [1]), with the exception of a few.

The general aspects of building monitoring systems
based on LoRa technology were discussed in [9]. The
authors conducted experiments and noted that the stochastic
property was evident and cannot be neglected in wireless
environments. The features of LoRa technology were studied
in [10] and it was stated that class A devices have better
energy efficiency than other classes of devices. This paper
describes the results of a real experiment using class A
devices to monitor an electrical grid with solar energy
harvesting. The article discusses the type of data being
transmitted (electrical grid data), but does not discuss the
stochastic nature of the data itself. The impact of the
specificity of the transmitted data using LoRa technology on
the architecture of the communication system was studied
in [11] and [12]. These works considered the application
of LoRaWAN technology for smart cities. In [11], the
problem of minimizing the maximum probability of packet
loss due to conflict in communication systems based on
LoRa technology was formulated and solved. However, this
study did not consider the specificity of transmitted data.
The concepts of this study were further developed in [12].
The architecture of communication systems based on LoRa
technology for monitoring high voltage electrical grids was
described in [13]. A data transmission algorithm is proposed,
and its energy efficiency is studied, but the stochastic nature
of the transmitted data is not considered.

A survey of machine-learning methods for building
networks based on LoRa technology was presented in [14].
The use of machine learning for LoRaWAN link budget
analysis was studied in [15]. The works [16], [17] can provide
valuable insights into the application of machine learning
methodologies to improve data analysis within LoRaWAN.
They can potentially improve the predictive capabilities of
the system and offer the prospect of working with large-
scale data, which is important for managing the extensive data
generated in monitoring low-voltage grids.

In all the above-described studies of systems based
on LoRa technology, the impact of the specifics of the
transmitted data on the architecture of the monitoring
system is only partially considered, and the influence of
the quantitative characteristics of the processes monitored
on the parameters of the monitoring system is practically
ignored.
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As a rule the problem of maximizing the probability
of message delivery is formulated and solved by cor-
rectly selecting the equal average length of the intervals
between transmissions without regard to the specifics of
the transmitted data. In our work we formulate and solve
a similar problem for the LV grid monitoring system
taking into account the specifics of the transmitted data by
selecting the various average lengths of the intervals between
transmissions. Note that we consider only the problem of
monitoring, not the management of parameters, because other
technologies are used for this purpose.

Our work is organized as follows: Section II begins with
a message transmission and voltage monitoring models,
which assume various message sending parameters for
different nodes. We choose these parameters depending on
the probability that the voltage exceeds the upper voltage
limit. Section III formulates the optimization problem. The
solution to the optimization problem is found in Section IV
for voltage described by a Brownian motion. Section V is
devoted to the problem of spreading factor allocation to
reduce the objective function for the case with a Brownian
motion. As an illustration, a numerical example is presented
in Section VI. The results of simulations are represented in
Section VII.

Il. SYSTEM MODEL

A. MESSAGE TRANSMISSION MODEL

Consider a communication network with N > 0 nodes, each
of which sends messages to the operator with information
about the current value of some parameter, in our case, node
voltage. We will use a number of assumptions to build the
model.

Assumption 1: The intervals between messages of each
node have an exponential distribution with parameter A; > 0,
i=1,2,...,N, and are independent for each node.

Then the stream of messages from the ith node forms a
Poisson process with intensity A;, i = 1,2, ..., N. It means
that the total stream of messages from all nodes is Poisson
with intensity

A=A+ M+ -+

Assumption 2: All nodes (or devices in the nodes) use the
same spreading factor (SF) value with the airtime of one
message Q > 0 and the same frequency [1], [18]. If during
the time interval (—Q, Q) from the moment one node sends
a message, the other nodes do not send messages, then the
message is successfully delivered to the operator. Otherwise
a collision occurs and the messages are lost. This assumption
is fulfilled in practice when all nodes are approximately the
same distance from the operator. According to this distance,
the spreading factor is chosen so that in the absence of
collisions the messages are delivered successfully.

According to the standard [18] (see also [2]) airtime Q
must not exceed 1 % of the time between sent messages of
each node. To account for this constraint, we introduce the
following assumption on the average time between messages:
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Assumption 3: Let

11
1O())\l_zQ,z—l,Z,...,N. (1)
Based on these assumptions and by performing a series
of arguments [19] we consider a simplified model for
total stream of successfully delivered messages and use
the properties of the Poisson process. According to this
model the stream of successfully delivered messages from ith
node might be defined as Poisson with intensity \;p, where
p = e 227 and the total stream of successfully delivered
messages from all nodes is Poisson with intensity Ap.
Remark 1: If \; = X\, i = 1,2,..., N, then the intensity
of the total stream of successfully delivered messages Ap
reaches its maximum at A = i min {1, gv—o} It easy to note
that with
1 1

= o @
QO max{N, 50}

the minimal average time between two successfully delivered
messages to the operator from every node is equal to

20 max{N, 50}emi“{" %), 3)

B. VOLTAGE MONITORING MODEL
Consider a message transmission model for monitoring
voltages of LV electrical grids with DERs using the LoRa
technology. In addition to the uncertainty due to random
intervals between successfully delivered messages, the volt-
ages themselves depend on stochastic factors: solar radiation,
users’ energy consumption, etc. Therefore, we assume that
the node voltage is a random process U;(t), t > 0,i =
1,2,...,N. For brevity, we will sometimes omit the node
index i. Let U(¢) be a Markov random process with paths in
the space of functions without second-order discontinuities.
The grid operator is required to monitor the risk of the
voltage exceeding the upper voltage limit (UL). So at each
moment of successful message delivery, the operator needs
to decide whether to take costly voltage reduction measures,
for example disconnecting the DER from the grid, or to wait
until the next successfully delivered message arrives. The
decision depends on the current voltage value of the node and
the probability that an excess UL will occur before the next
successfully delivered message from the same node arrives.
At the moment of receiving a successfully delivered message
from a particular node, it does not matter to the grid operator
what voltage was previously in this node. Therefore, due
to the Markov property, we can take this moment as the
initial + = 0 and assume that U(0) < UL. Let 7 be an
exponentially distributed random variable with parameter Ap,
for some A > 0. By ““risk” we mean the probability that the
path U(¢) crosses the threshold UL during interval T between
two successfully delivered messages:

P (U (z) > B), 4)
where U(7) = Supg<s<, U(s), B= UL — U(0).
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We argue that instead of relying on equal intensity A,
each node sends messages with various parameters \;, i =
1,2,..., N, which we can choose based on minimizing the
maximum risk (probability of exceeding the upper voltage
limit among all nodes given they have the same initial
value). Formulating such an optimization problem is not
straightforward. Therefore, we first formulate the problem
under some constraints before finding its solution for the
particular case.

IlIl. FORMULATING THE OPTIMIZATION PROBLEM

It is known that obtaining an explicit distribution of U@)
is a very difficult problem (see [20]). However, under some
general constraints, it is more feasible to obtain only its
Laplace transform over the time component. Note that the
relation (4) can be rewritten as:

P (U (1) > B) = /OO /\pe_)"”P (U(t) > B) dr.
0

Assumption 4: Let U(t) be a spectrally negative Lévy pro-
cess, i.e., a homogeneous random process with independent
increments and without positive jumps.

We believe this assumption to be quite realistic since, from
the practical point of view, we are interested in the behavior
of the Markov process U(¢) near point (upper voltage limit)
UL during a finite time interval t.

The Laplace transform Ee*U(D (reminder that Ee*V®) =
(Ee“U(l))t) for spectrally negative processes is defined for all
@ > 0 and the equation

logEetV D =5 5> 0, 5)

has a non-negative solution u = u(s) > 0, where u(0) =
g > 0 (see [20], [21]). It is then well known that the
Laplace transform on the time component of the supremum
distribution has a simple explicit form (see [20], [21]):

o
s/ e P (U(t) > B) dt = e 9B
0

which can be presented as:
P(U(r) > B) = e HOWB,

Let us first formulate the optimization problem: we
have independent exponentially distributed random variables
71,72, ..., Ty Wwith parameters \;p and we need to find
(X5, A%, ..., A%) at which, for any B > 0

max {P(Ul(tl) > B) , ...,P(ﬁN(rN) > B)} — min.

Then under Assumption 4 the optimization problem is
formulated as

min{i; (A1p), ..., uy (Avp)} — max, (6)

where 1;(-) is the solution to the equation (5) for the voltage
Ui(t) of node i and p = e20A
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IV. SOLUTION TO THE OPTIMIZATION PROBLEM FOR A
BROWNIAN MOTION
As an example, let us find a solution of the optimization
problem for one particular case of spectrally negative Lévy
process.

Assumption 5: Suppose that the voltage of each node
is described by a standard Brownian motion W;(¢), i =
1,2,...,N, (see [22]):

Ui(t) = Ui(0) + oiWi(?), o; > 0. @)
A2
Then the solution to the equation (5) is w(s) = v
o
(see [21]). So, the problem (6) can be reformulated as: '
A
min { —leszA, e, )\—NezQA] — max.
2 2
1 On

That is, instead of searching for equal minimal intervals
between messages (3) we are looking for equal minimal
probabilities of exceeding the upper voltage limit. So,
we need to find

)‘_é o~ 20A
o

— max, 8)

subject to the constraints (1) and

AN L
5= i#)
of o;

)\‘
If we denote h = —12 then
;i

A=hxS§,
where § = Zf\; 1 aiz, and due to Assumption 3
11 1
h< —— .
20 50 max o

The optimization problem (8) might be rewritten as

he‘thS — max.

It is easy to note that if
2

S > 50 max o;

11
then at h* = — —
208

2
N— L%
! 20 S’
11
max he 29" = — —7 1, O]
h 208
If
S < 50 max o
l
" 1
then at 1™ = ——
20 50 max; o;
Nf=o?h*, maxhe 22 = prem20MS
l 1 ’ N
h
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Let us summarize this section. According to our model,
we have the parameters of the LV electrical grid — the
number of nodes N and the value of o; for each node —
and the parameters of the communication network — the
number of nodes N and airtime Q. As a result of the risk
minimization problem for the communication network with
the optimal intensity of message transmission A/ for each
node is obtained.

V. SF ALLOCATION

The LoRa technology uses distributed spectrum modulation
with 6 orthogonal spreading factors (SF = 7,8,...,12).
Messages with different SF' can be transmitted simultane-
ously. A smaller SF provides a higher data rate. A larger SF
increases the receiver’s sensitivity and therefore the range of
the system [1], [2], [25].

There are many works (see, for example, [25], [26]), where
the problem of SF" allocation is considered without taking into
account the specifics of the transmitted data.

We can reduce our risk by allocating nodes to different
SF. We need to split the set of indices of all nodes G =
{1,2,...,N}into 2 < k < 6 subsets to reduce maximal
risk among nodes with SF = 13 —k, 13 —k+1,...,12. It
means to divide G into k sets G13—k, G13—k+1, - - - G12, such
that G = Gi3¢ U --- UGz, GiNGj = ¥, 1 # j, where
G; — node indices with SF' = i and G; — node indices with
SF = j. We assume that message transmission in each of the
SF occurs independently of the nodes with other SF.

Let Q; be airtime for SF = j, j =7,8,...12, and

_ 2
S; = 201» .
i€Gj

The optimization problem for allocating nodes among k
sets might be written as

F =min{F;3 ¢, F13-¢+1, ..., F12} — max, (10

where

Fi=hte 2005, j=13 -k 13—k+1,...,12,
L 1

i Z_QJ max{50 max;eg; Uizs Sj} .

The optimization problem (10) implies an optimal partition-
ing of the node indices, which is rather difficult to find.

The idea is that nodes with large values of o; should send
messages more often than others. For convenience, we index
the nodes in ascending order such that

01 <02 <" ZON.

Since the message airtimes for different spreading factors
satisfy the ratio:

07<0s<---<0n
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let us not consider all possible partitions, but only “sequen-
tial” ones:
Gin={1,2,...,in},
Gn={in+1Lin+2,....,in}

cey

Gia—i ={iz—k+1 + L iz—g+1 +2,...,N},
where indices

112,011, - - - 113-k+1 € G,
ip<ijp <---<ipxk=N.

It is easy to find numerically the solution F; of the
optimization problem (10) with sequential partition of G and
it is clear that

F{ <F",

where F* — optimal solution of (10) without restriction on
sequential partition of the set G.
Note that without condition (1)

1
© 2013-kS13-k€

and the objective function is of the form:

Fy

max {26Q13—k513—k7 ey 26Q12$12} — min.

If we define

v= max Q;Sj,
13—k<j<12 7™

then
v>0;S;, j=13-k13—-k+1,...,12,

and we can perform our task as a well known linear integer
programming problem.
Let x be a vector from N x k elements

x = (x1,x2, ..., xn), xi € {0, 1},

where

Xi FXN4i 0 Xf—2)N+i
+xp-w+i=1,i=12,...,N.

Put
2 2 2
sl3—k:(61302»"'10N503"'10)1
2 2 2
s13—k+1 =1(0,...,0,07,04,...,05,0,...,0),
s12:(0,...,0,012,02,...,01\2,).

For brevity, we can rewrite §; = ZieGJ_ 01'2 = ijT, Jj=
13—k, 13—k+1,...,12, where x7 is a transposed vector x.
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It is to formulate the optimal SF allocation problem:

v — min,
v—QisixT >0, j=13 -k, 13—k+1,...,12. (11
x;€{0,1}, i=1,2,... kN,
Xi +XN4i+ -+ Xg—2)N+i T Xe—1)N+i = 1,
i=1,2,...,N. (12)

Remark that integer programming is quite a consuming
procedure. Therefore, if we replace condition (12) with
condition

O0<x;<1,i=1,2,...,kN,

it is easy to obtain solution v* of linear programming
problem (11).
If we put F l’; = 1/(2ev*), then we can obtain that

F{ <F" <Fp,.

This means that if we consider the solution F; of the
optimization problem (10) with sequential partitioning, this
solution differs from the optimal F* less than the difference
between F; and the solution to the linear programming
problem F l’;, i.e.

F*—F} <F},— F}.

VI. NUMERICAL EXAMPLE

As an example, we consider an LV grid with N = 150 nodes.
Each node has a LoRaWAN communication network device
of Class A. Suppose that due to technical limitations (distance
to devices, interference) the transmission can be carried out
using spreading factor SF = 11, which ensures successful
message delivery in the absence of collisions.

Airtime Q = Q1 = 0.8233 sec. Next, we show how
to calculate o; parameters for our LV grid and compare
the risk values (4) of our model with equal probabilities
with respect to the message transmission model with equal
message intervals (2).

Consider a grid, each node of which has PV module.
We denote the vector of voltages of the grid nodes as

U(t) = (Ui(t), Ua(t), ..., Un()', t > 0,

given that initial node is balancing, i.e. Up(t) = Uy is known
constant. Define also the current vector

1(1) = (I1(1), L(@), ..., Iy@t)T, t > 0.

The relationship between the vector of voltages and the vector
of currents might be expressed as

U@)=Uo+H x1),

where H is the matrix of nodal resistances and Uy =
(U, Ug, ..., Up)T.

Suppose we have three-phase LV grid and every phase has
linear topology with M nodes, where 3M = N. For simplicity
we assume that phases are independent of each other and
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Uy U3M -5 Usp—2
hin—s hm—2

FIGURE 1. The phase-line of the linear LV grid.

active resistances R between the nodes in every phase are
the same. We neglect reactive parameters of the LV grid.
We number all the nodes so that the phase p, p = 1,2, 3,
consists of nodes with indices 3(s — 1) +p,s=1,2,...,. M
(see Fig. (1) with phase p = 1).

Then (see, for example, [23])

I R 1
He ra |t 202 02 2
12 3 M-1 M

or

Uss—1)+p(1) = Up

s M—1
- R(Z G- 1p(D) +5 D 13r+p(t)) :

r=1 r=s
where Uy is the known voltage at the beginning of the line.
We suppose that the values of currents [;(z), i =
1,2,..., N, are the algebraic sum of the current from the PV
unit /S;(¢) in the node i and the consumption current J;(¢) from
the node to the customer (see [23]):

Ii(t) = —=IS;(t) + Ji(1).

Let IS;(t) and J;(¢) be described by means of independent
Brownian motion processes, i.e.

(1) = 1(0) — ;W (1) + 6:Wi(0),

where i is the node index, W(t), W,-(t), i=1,2,...,N, are
independent standard Brownian motions, 7;(0) corresponds to
the current value at the initial time, &; is the standard deviation
for the PV node current and o; is the standard deviation for
the consumption current in the node. For simplicity we put

6i=6, 6;=0,i=12,...,N

We can find the probability distribution of every node
voltage, including last nodes in phases, where the maximal
amplitude of voltage fluctuations is achieved. Note that

MM +1)
2

A+24...+MW@E) = W),

Wi(t) + 2Wa(t) + ... + MWsy2(1) 4

MM + 1;(2M + I)W(t),

where W(t) and W(r) are independent standard Brownian
motions, designation ( 4 ) means the same probability distri-
bution. Thus

Ust—1)+p(®) £ U3 —1y4p(0) + o301 —1y4p Wp(1),  (13)
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TABLE I. Parameters of the model.

Parameter Value
Number of nodes (N) 150 nodes
Number of phases 3
Number of nodes in each phase (M) 50 nodes
Payload 10 bytes
Spreading Factor (SF) 11,12
Airtime (Q11)" 0.8233 .
Airtime (Q12)! 1.4828 s.
Active resistance (R) 0.01 Q
Standard deviation (SD) of PV current (&) 0.01 A
SD of consumption current (&) 0.018 A
Upper voltage limit (UL) 253V
Initial value (Us(p—1)+4,(0),j = 1,2,3) 248 V

B 5V

where W, (1), p = 1,2, 3, are standard Brownian motions,
U3 —1)+p(0) —node voltage at some initial time and

_2(s L MA(M +1)?
U3(M D+p = o

4 &2M(M + DM + 1)) '
6

That is, we defined o; (see (7)) from the Assumption 5 for our
example with simplified three-phase linear LV grid.

Firstly, based on our assumptions, we can find and compare
the maximal probabilities of exceeding the upper voltage
limit among all nodes (maximal risk) for the case with
equal intensities (2) and the case when the specifics of the
transmitted data are taken into account for one SF' = 11.

Secondly, the communication system, which at SF =
11 ensures successful message delivery in the absence
of collisions, also ensures successful delivery at SF =
12. We define airtimes for every SF as Qi1 and Qis.
In considering several SF, we assume that all assumptions
remain valid except for one spreading factor limitation.
We need to divide indices of all nodes G = {1,2,..., N}
into two sets Gq1; and Gy, such that G = Gi; U Gyo,
G11 N Gyp =@, where G —node indices with SF = 11 and
G12 — node indices with SF = 12. We assume that message
transmission in each of the SF' occurs independently of the
nodes with other SF.

This allows us to find and compare maximal risks between
cases with equal and various intensities of transmission.

Let us first consider the case where all nodes belong to the
same spreading factor SF = 11.

We take UL = 253 V since the voltages in a LV grid must
not exceed the level UL = U,,,;,, +10%, where Uy, = 230V
is the nominal voltage, over 5% time (see [24]). The other
parameters of the example are given below (see Table I).

For the case where all nodes belong to the same SF =
11 and send messages with equal intensities (2), it is easy to
obtain that

max {P (U(1) > 5),...,P (Un(wv) > 5)}
= exp(—0.4109 x 5) = 0.128]1.
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TABLE II. Maximal risk.

Maximal Maximal
risk with risk with
SF 11 SF 11 and 12
Equal A 0.1281 0.0998
for every SF
Various \; for nodes 0.0605 0.031

and every SF

To study the maximal risk among all nodes, which have
various intensities, we consider individual probabilities of
exceeding the upper voltage limit. In addition, as we have
already mentioned, the last in the phases nodes will have the
maximum voltage variance, therefore

max{P(Ul(n) > 5) ). ..,P(UN(IN) > 5)}
=max {P(Ui(r1) > 5),.... P (Usy—2(t3u—2) > 5)}
=P (Usm—2 (t3—2) > 5) = exp(—0.5611 x 5) = 0.0605.

Let us consider our problem for the case SF' = 11, 12. Instead
of finding the optimal node partitioning (see (10) ), consider
sequential partitioning with k = 2 and

G2 =1{1,2,...,in}, Gun={in+1,i2+2,...,N}.
(14)

It is easy to obtain that ijp = 92,
F! =0.2412,

and find the solution of the linear programming problem (11)
F Z; = (.2448.

Thus for two spreading factors and various message send-
ing intensities we obtain that maximal risk with sequential
partitioning

exp (—,/2Fs* x 5) — exp(—0.6947 x 5) = 0.031.

Let us find the maximum risk for partitioning (14) and
equal message sending intensities within each spreading
factor:

exp(—min(0.6607, 0.4608) x 5) = 0.0998.

The table below (see Table II) shows the values of maximal
risk among all nodes for one spreading factor (first column)
and two spreading factors with partitioning (14) and ijp = 92
(second column), for equal (first row) and various message
intensities (second row).

Fig. (2) displays on the ordinate axis the values of maximal
risk at B = 5 for the cases of equal (blue line) and various
(purple line) message sending intensities, where the abscissa
axis displays the values of ij» when nodes are sequentially
partitioned (see (14)) into SF = 11 and SF = 12.

Thus, by accounting for the specifics of the data being
transmitted, it is possible to choose various parameters for
sending messages from different nodes in order to reduce the
probability of an unwanted event.
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FIGURE 2. Values of maximum risk at B = 5 when sequentially partitioned
by k = 2 SF for cases of equal and various message sending intensities .

VII. ACCURACY ASSESSMENT
In partial example conditions, we provide a number of
simulation examples to compare them with theoretical
derivations.

Assume that in the example conditions all nodes belong to
the same spreading factor SF' = 11.

If all nodes send messages with equal intensity, then the
average time between two successfully delivered messages
to the operator from every node is equal to (see (3))

2Q11N€ =671.3s.

The simulation results for the lengths of intervals between
successfully delivered messages when nodes send messages
with various intensities (see (9)) of exponential distribution
are listed in Table III. The first column ‘“Index” shows
the node indices, the second column “Model” shows our
theoretical values

1 _ 2011Se

Afp 012

under the assumption of exponential distribution of time
between messages (Assumption 1). The third column “Sim.
(Exp)” shows the simulation results for the lengths of
the intervals between successfully delivered messages. The
results in the third column are obtained by simulating
the intervals between messages with a shifted exponential
distribution Q11 + 6, where 6 has an exponential distribution
with parameter Y. Assumption 1 regarding the random
exponential distribution of message intervals is necessary to
derive rigorous mathematical conclusions. In practice, some
equipment manufacturers for LoRaWAN networks allow
configuring the transmission of messages not through fixed,
but through random, uniformly distributed intervals of time.
Thus, the fourth column shows the simulation results when
each node sends messages in independent random intervals
with a shifted uniform distribution of Q11 4+ «, where « has a
uniform distribution on (0, 2/ ()\;“p)).
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TABLE lll. Comparison of the average interval length between
successfully delivered messages according to the model and simulation
results .

Index Average interval (s.)
Model Sim. (Exp) Sim. (Unif)

25 3469 3483 3508
50 1162 1174 1165
75 654.1 651.1 646
100 453.0 444 448
110 418.8 416.7 409
120 394.0 389.8 394
130 372.4 370.7 367
140 363.5 360.3 356
150 359.9 357.9 359

Voltage

0 250 500 750 100C
Time (s

FIGURE 3. Voltage trajectory between successfully delivered messages.

TABLE IV. Simulation results for risk with equal, exponentially and
uniformly distributed interval lengths between messages .

Index Risk .
Equal Var. (Exp) Var. (Unif)
25 0.0011 0.0623 0.0569
50 0.0249 0.0602 0.0559
75 0.0597 0.0607 0.0562
100 0.0973 0.0602 0.0564
110 0.1086 0.0565 0.0536
120 0.1167 0.0595 0.0587
130 0.1177 0.0637 0.0553
140 0.1297 0.0596 0.0564
150 0.1249 0.0599 0.0564

The results in Table III show that rigorous theoretical
conclusions derived from the mathematical model are well
supported by the simulation results.

The work is devoted to the problem of the optimal choice
of interval lengths to minimize the maximum risk among all
nodes, that is, the probability of exceeding the upper voltage
limit, provided the nodes have the same initial value. This
means that if the operator receives a message from the ith
node with a voltage of 248 V, the operator is interested in
the risk of the voltage exceeding the upper voltage limit of
253 V before the next successfully delivered message. The
simulation results for one such event are presented in Fig. 3.

We reduced this risk by choosing various interval lengths
between the messages. If the average interval is the same for
all nodes, the maximum risk is 0.1281; if it varies according
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TABLE V. List of abbreviations.

Abbreviation Explanation

A Ampere
DER Distributed Energy Resources
Equal the simulation results for the risk when each node

sends messages with equal average intervals

LoRaWAN Long Range Wide-Area Networks

Index Index of the node

LV Low Voltage

M number of phases

Model conclusions derived from the mathematical model

N Number of nodes

PV Photovoltaic

R active Resistance

S. seconds

SF Spreading Factor

SD Standard Deviation

Sim.(Exp) the simulation results for the time between success-
fully delivered messages and the intervals between
them, which have a shifted exponential distribution.

Sim.(Unif) the simulation results for the time between success-
fully delivered messages and the intervals between
them, which have a shifted uniform distribution

UL Upper Voltage Limit

Unom Nominal Voltage

\% Volt

Var.(Exp) the simulation results for the risk with shifted expo-
nentially distributed intervals

Var.(Unif) the simulation results for the risk with shifted uni-
formly distributed intervals

Q Ohm

to (9), the maximum risk is 0.0605. The Table IV shows
the simulation results of the risk value for varoius nodes
(“Index’”) for the cases of equal average interval (‘““Equal’’)
and various intervals (“Var. (Exp)”’). The fourth column
(““Var. (Unif)’’) shows the simulation results for the risk when
each node sends messages at shifted uniformly distributed
intervals.

VIIl. CONCLUSION
We studied the communication system for monitoring
the voltages of the electrical grid, based on LoRaWAN
technology, which allows the creation of low-cost and
energy-efficient data collection and transmission systems.
We considered two related objects — the LV electrical grid
with DER and the communication network, which used
LoRaWAN technology to transmit node voltage monitoring
data. The model, reflecting the main specific features of these
objects — the random character of voltage changes in the
electrical grid and the possible loss of data due to conflicts in
the communication network — was proposed. The notion of
risk was introduced — the probability of loss of information
about voltage exceeding the upper limit. The optimization
problem of minimizing the maximal risk by selecting the
parameters of the communication network, based on the
properties of a random voltage changes in the grid, was
formulated. The solution of this problem was found and
illustrated by the example for the voltages described by
Brownian motions.

For the convenience of readers, we present Table V with
the abbreviations used in the article.
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According to our model, each node sends messages to the
grid operator at exponentially distributed with the parameter
A; random time intervals for each node i. Due to possible
collisions, sent messages can be lost. Thus, the grid operator
estimates the voltages of the grid nodes only on the basis of
successfully delivered messages.

Therefore, each time a successfully delivered message is
received from a certain node, the operator must estimate the
risk that the voltage at that node will exceed the threshold
level UL until the next successfully delivered message:

P (Ui(x) > B), B= UL — Uy(0)

where i — index of the node, U;(0) — voltage value at the
moment of receiving the last successfully delivered message,
Ui(t) = supy—,-, Ui(s), t; — exponentially distributed
random variable with parameter \;p, UL — upper voltage
limit.

If this probability (or risk) is “high”, the operator takes
costly measures to avoid this event, for example turning off
solar generation at the node. Otherwise, it is reasonable to
wait until the next successfully delivered message. According
to our model, one must choose a higher message sending
intensity ); in nodes where the risk of exceeding the threshold
level UL is higher (provided the initial values of U;(0) are
the same) than in less risky nodes in order to equalize risks.
In LV grid the voltage fluctuations of the nodes distant from
the transformer are larger than those close to it, so it is natural
to send messages from distant nodes more often.

As an extension of our problem, it is natural to consider
a model with several spreading factors. We considered the
problem of optimal partitioning of nodes by spreading factors
and studied the maximal risks of exceeding the threshold
among all nodes.

According to requirements [24], the voltage should be
between certain upper and lower limits. In our work,
we focused only on the risk of “over voltage” and did not
study ‘“under voltage™ case, which is similar to the “over
voltage,” but is not the concern of our study. The problem
that considers both over and under voltage risks is more
difficult. If we consider the voltage as a random process under
general requirements, then only the asymptotic results for
the problem with two boundaries are known [27], [28]. They
are more complicated for analysis than the probability of
exceeding the upper voltage limit and can be used for further
research.

We proposed an approach to the selection of commu-
nication network parameters, which took into account the
properties of the randomly changing parameters of the
object of monitoring. This approach might be applied for
various monitoring systems, in which LoRaWAN or any other
network with random multiple access channel was used as
communication network.

The authors would like to thank Dr. Dmitri Moltchanov for
help and sound advice.
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