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Environmentally-powered wireless sensors use ambient energy from their environment to support their
own energy needs. As such, they must operate without significant maintenance or user supervision. Due
to the stochastic availability of ambient energy, its harvesting, storage and consumption must be man-
aged by an efficient and robust controller that maintains data collection and transmission rates at desired
levels, while maximizing the useful operational time of the system. To accomplish this task, the control
system must observe the state of charge of an internal energy storage device, and consider the amount
of energy available for harvest in the future. At the same time, the complexity of the controller must be
limited so that it can be implemented on the simple embedded system of the sensor hardware. This paper
presents a comprehensive synthesis of desired behavior of such controllers, and describes procedures
for their design and optimization through an evolutionary fuzzy approach. The main contribution is the
formalization of design objectives and development of the fitness function that drives the optimization
process. Additional contributions include a comprehensive evaluation of several soft computing opti-
mization approaches, thorough analysis of the optimized controller, its comparison to baseline control
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strategies, and validation of its operation with real energy availability forecasts.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Wireless sensors and sensor networks [2] are often used for
long-term environmental monitoring applications that take place
in remote, inaccessible locations with variable ambient condi-
tions. These environmental monitoring systems must be capable
of reliable autonomous operation, and independent of externally
supplied energy or human intervention. To achieve this level of
self-sustainability, such systems are usually powered by energy
harvested directly from the deployment environment [9]. Design of
environmentally-powered wireless sensors is a complex problem
with a number of conflicting goals and several design and imple-
mentation constraints [59]. The most common concerns include
desired sensor sampling rates and acceptable delays between data
transmissions.

Wireless sensor devices are usually designed as low-power
embedded systems with a low-performance microcontroller unit
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(MCU) that cannot implement computationally extensive control
algorithms [50]. At the same time, the complexity of the control
algorithm affects the overall power consumption of the system
[7]. In addition, the algorithms must be fault tolerant to satisfy
the stringent requirements for autonomy and dependability. Many
existing approaches include conventional rule-based algorithms
[66] implemented using state machines [26] or heuristic control
methods [48]. The system proposed in this article uses fuzzy con-
trol that is easy to design and implement on limited hardware,
and able to deal with imprecise or missing data. The optimization
method of differential evolution is then used to adapt the fuzzy
control system to match the planned deployment environment for
best performance. The application-specific fitness function used for
optimization of the fuzzy control system is an important contribu-
tion of this work.

The dependence of environmentally-powered devices on the
ambient energy suggests the possibility to use energy availabil-
ity prediction to estimate the state of charge of energy storage
devices [12], to improve the device performance [46], or to recon-
figure the entire system [39]. In this contribution, prediction of
energy available over a time horizon serves as an additional input
to the fuzzy energy manager. The proposed approach is illustrated
through the process of predictive fuzzy controller design. It extends
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previous studies by the authors on optimization of fixed parameters
of wireless sensor nodes [37] and on optimization of a simple fuzzy
controller without energy prediction [36]. The structure of the pre-
dictive controller is first devised manually, considering the nature
of the energy management problem. The controller parameters are
then optimized using differential evolution and three other soft
computing methods. Strong emphasis is placed on a comprehensive
evaluation of the evolved complex, predictive control strategy.

The performance of such an extended fuzzy controller is thor-
oughly tested through a series of simulation experiments based on
an accurate hardware model of a wireless sensor node and energy
availability data measured at the intended deployment site. Such
experiments can provide useful information about energy man-
agement strategy performance, in a short time and at a low cost.
Given therealistic models and data used in the simulations, it is rea-
sonable to expect that the developed controllers will be applicable
in a real deployment environments. They also serve to determine
the optimal length of the prediction horizon. The best performing
controller is then tested using real forecasts of energy availabil-
ity, rather than historical measurements. Testing results confirm
validity of the proposed approach and the practical value of pre-
dictive energy management for environmentally-powered wireless
Sensors.

This paper is organized into six sections. Section 2 provides
a brief overview of the state of the art in energy management
for wireless sensors and in evolutionary fuzzy systems. Section 3
a model of the optimization problem, including synthesis of
energy management strategies and design of corresponding fuzzy
logic controllers. Section 4 then details controller optimization by
several soft computing methods, concentrating on differential evo-
lution. Results of simulation experiments are described in detail
and discussed in Section 5. The final Section 6 brings major conclu-
sions and outlines possible directions for future work.

2. Related work
2.1. Energy management in wireless sensors

Wireless sensor networks (WSNs) are composed of a large num-
ber of wireless sensor nodes deployed inside, or in close proximity
of, an area of interest [2]. Such sensor nodes are implemented as
embedded systems with multiple functions, including sensing, data
management, and wireless communication. They can be placed in
remote locations with limited access and without energy infra-
structure. To allow their sustained operation under such conditions,
wireless sensor nodes are often powered using ambient energy
harvested from their deployment environment [9,20,23,46,59],
leading to so called environmentally-powered wireless sensor
nodes (EPWSN). Energy harvesting (EH) reduces the environmental
footprint of sensor nodes [63], contributes to their energy neutrality
[62], and eventually leads to perpetual networks [20].

The efficient use of EH systems requires sophisticated energy
management and control [63]. This involves both the node level
(e.g.adaptive duty cycling [67,69] and task scheduling [27,56]), and
the network level (e.g. media access control, routing, and time syn-
chronization protocols [59]). It is a complex optimization problem
with a simple objective: to maintain data sensing and transmission
rates at desired levels, while maximizing the useful operational
time of the system through optimal energy harvesting and con-
sumption [63]. It must consider the properties of particular ambient
energy sources (such as stochasticity and periodicity) [35], as well
as the requirements of the application domain (such as robustness,
reliability [5,68], and communication throughput [35]).

Various adaptive energy management strategies have been pro-
posed for EH system control. They can be classified as local (when

each node considers only local information), global (when actions
are selected based on assumed complete knowledge about the
entire network), and hybrid approaches that combine both [27,68].
In general, they can use information about the state of node hard-
ware (e.g. remaining energy level [67]), heuristic information (e.g.
expected usage of monitored rooms [27]), assumptions based on
historical information (e.g. average amount of ambient energy
available at certain location and time), or predictions (e.g. fore-
casting energy consumption and harvesting [63,69]). Many recent
studies have concluded that predictive strategies lead to a better
utilization of available ambient energy [27,46,56,63,67,69].

2.2. Evolutionary design of fuzzy systems

Artificial evolution is a well-established approach to design
and optimization of intelligent systems [4,17]. Biologically inspired
methods have been identified as a tool suitable for construction and
tuning of accurate and interpretable fuzzy systems [ 17]. Differential
evolution (DE) is a relatively recent evolutionary method noted for
its simplicity, ease of use, good performance, and an excellent track
record of real-world applications. In the last decade, DE has been
used also to tailor different types of fuzzy systems [16,22,38,43,44]
and neural-fuzzy systems[14,32,70] for various application [28,49].

Cheong and Lai [16] proposed the use of the DE as a part of
automated design of hierarchical fuzzy controllers. The optimiza-
tion algorithm was used to coordinate the outputs of subcontrollers
within the hierarchical system and to optimize rule base templates.
The validity and usefulness of this approach was evaluated on the
classical cart-pole (inverted pendulum) control problem and it was
shown that DE is a valuable method for design of symmetrical fuzzy
controllers.

Another work by Eftekhari et al. [22] used DE for construc-
ting interpretable fuzzy inference systems. More specifically, it
was used to simplify fuzzy models initially generated from data
by subtractive clustering and to optimize centers and widths of
fuzzy membership functions of the simplified system. The proposed
method used an interpretability measure to express the fitness
of the system under simplification, and mean squared error as a
measure of accuracy in the final step.

The evolution of fuzzy rule-based meta-schedulers for grid com-
puting by a DE-inspired approach is due to [49]. The evolved control
system used Mamdani-type fuzzy rules with Gaussian member-
ship functions. The traditional DE was modified for this application.
Every fuzzy rule was encoded as a DE vector and the entire popu-
lation represented the rule-base, following the Michigan approach
well-known from the domain of genetic fuzzy systems [18]. The
study showed that the proposed method outperformed traditional
learning strategies (i.e. the Pittsburg approach). The optimized
meta-scheduler was better, in terms of training fitness, than simple
scheduling strategies.

The study of [28] showed the ability of DE to tune fuzzy
controllers for financial market modelling. It evolved encoded
membership functions and fuzzy rules using a problem specific
version of DE and showed that such optimized controller is able
to embrace the complex, non-linear, and dynamic nature of the
problem and that the evolved models are able to optimize mar-
ket portfolio return for different types of markets and different
portfolia.

Ohetal.[43]suggested the use of adaptive DE for optimization of
a cascade fuzzy controller, and evaluated it on a variant of the tradi-
tional inverted pendulum problem (rotary inverted pendulum) and
ball and beam system. Although focused on the evaluation of the
proposed DE parameter adaptation strategy, the work also provided
a clear evidence that DE is a method suitable for fuzzy controller
optimization, outperforming other evolutionary approaches such
as genetic algorithms.
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Lai et al. [38] developed a fuzzy inference system for recog-
nition of hypoglycaemic episodes. The fuzzy system employed
Gaussian membership functions tuned using DE with a variation
termed double wavelet mutation. In this algorithm, the value of
the differential weighting constant is reduced with the increasing
value of the iteration, according to a wavelet function. The second
wavelet comes in during the crossover operation, where an addi-
tional term is used to further perturb the matrix parameters, again
diminishing with increasing number of iterations. The proposed
method compares favorably to other tested methods (linear regres-
sions, evolved regressions and feed-forward neural networks), with
higher values of sensitivity and specificity.

Pandit et al. [44] used an improved DE to solve the problem of
environmental economic dispatch of power generation resources.
The algorithm uses three different mutation strategies with a
time-varying value of the differential weighting. Due to the multi-
objective nature of the problem, fuzzy selection is used to rank and
select the candidate solutions based on how well they meet both
objectives. This method outperforms a weighted sum approach
using classical differential evolution.

Chen and Yang [14]| presented a method of optimizing a
neural fuzzy inference system applied to a few simple applica-
tions. A cultural algorithm was used to provide a mechanism to
provide feedback information to the entire population. Five differ-
ent DE mutation operators are used, reflecting different methods of
knowledge sources creating new potential solutions. The proposed
optimization method significantly outperforms a number of other
methods, including unmodified differential evolution variants, par-
ticle swarm optimization (PSO) and covariance matrix adaptation
evolutionary strategies (CMA-ES).

Hung et al. [32] discussed a wavelet fuzzy neural network
with asymmetric membership functions for control of an electric
power steering system. Network learning rates are optimized using
improved DE. The proposed method resulted in a controller with
lower errors compared to a standard proportional-integral (PI) con-
troller and to a fuzzy neural network controller using fixed learning
rates.

Zheng et al. [70] presented a hybrid neuro-fuzzy system
for classification of earthquake victims. A proposed differential
biogeography-based optimization (DBBO) algorithm is used to
train the neuro-fuzzy classifier. This method combines aspects
of differential evolution into the migration equation of a
biogeography-based optimization in order to exploit the solution-
space exploration present in that method. The DBBO approach
implemented outperforms methods including multispecies PSO
and self-adaptive DE.

This contribution presents an application-driven study that
employs DE as a simple, proven, and non-intrusive tool for
optimization of fuzzy control systems. In particular, it consid-
ers the complex problem of predictive energy management for
environmentally-powered wireless sensors. It develops a straight-
forward approach to controller representation and parameter
optimization, and focuses on comprehensive evaluation of the pro-
posed complex control strategy.

3. Problem model
This section presents the synthesis of the desired behavior of

an energy manager for EPWSN, and describes the design of the
corresponding fuzzy controller.

3.1. Energy management system

A typical EPWSN contains the following components [64]: a
sensor or sensor array to capture the phenomena of interest; a
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Fig. 1. Ablock diagram of the environmentally-powered wireless sensor node oper-
ation.

microcontroller unit, to interface with sensors and manage data and
energy within the system; a transceiver, to transmit collected and
other data, and to receive data for time synchronization, scheduling
and routing purposes; a data storage device to protect the col-
lected data, and to improve node efficiency by taking advantage
of varying energy costs of data storage and transmission; energy
source(s), including primary batteries and a solar panel or other
energy harvester; and energy storage element(s) such as recharge-
able batteries or supercapacitors. The energy management system
(EMS), a part of the microcontroller unit (MCU), is crucial for effi-
cient operation of the EPWSN. It controls the conversion, storage,
and use of energy within the node.

For the purpose of EMS design, many details can be abstracted
away, as shown in Fig. 1. The MCU can be treated as a finite state
machine (FSM) that facilitates transitions between different states
of EPWSN operation. The EMS itself can be modeled as a controller
that can observe internal and external states of the system and
provides control signal(s) to the FSM. The observed states include
energy buffer level (aninternal state describing the amount of energy
remaining in the energy storage, or its state of charge), and energy
outlook (an external state describing the amount of ambient energy
expected to be available for harvest from the environment). The
control signals are sensing cycle (the time between two consecu-
tive measurements), and transmission cycle (the time between two
consecutive data transmissions).

The energy buffer level describes the relative state of charge
of the energy storage device. In addition to its primary meaning,
this variable also serves as a proxy to the energy harvested from
the environment during the recent past, and thus to the ambient
energy availability.

The energy outlook is based on predictions of energy availability
over certain time horizon. The duration of the horizon depends on
a number of factors, including the type and size of the energy har-
vester and energy storage elements, and on the patterns of ambient
energy availability. As a result, determination of the duration is a
non-trivial task. Its solution can be found, for example, using an
optimization procedure described in Section 4.

The control signals adjust the sensor measurement and data
transmission rates through the FSM. The general behavior of the
controller can be described using several scenarios describing its
desired response to specific values of the state variables. When the
energy buffer is full and the outlook indicates high amount of avail-
able energy, the node should take measurements as often as desired
and transmit collected data without delay. On the other hand, when
the energy buffer level is low and the outlook is close to zero, the
node should take measurements only at a minimal acceptable rate
and data transmission should be delayed to conserve energy.

To design an efficient and robust energy management system,
its objectives have to be formalized. This involves definition of an
objective function, specification of domains of involved decision
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variables, and identification of constraints. These elements are, in
general, dependent on the type of sensor node and its application.
For example, objectives of a sensor node for monitoring environ-
mental conditions of an ecosystem could be formalized as follows:

e The sensing rate can be specified in terms of how far apart should
individual measurements be spaced. This involves a desired
sensing cycle, e.g. T3¢ = 1 min, and maximum acceptable sensing
cycle, e.g. TM3* = 60 min. The actual sensing cycle then varies in
range Ts € [1, oo) min, because its values can extend beyond T3
in case of node failure. In this sense, T{"® can be considered a soft
constraint.

¢ To obtain monitoring data that are as complete as possible, a mon-
itoring device should minimize the occurrence of cases when the
actual sensing cycle is longer that the maximum acceptable cycle,
i.e.Ts > T This requirement can be expressed as minimization
of the total length of time when the measurements are spaced
more than T{"®* apart.

e When the controller schedules a measurement, but it cannot be
executed due to the lack of energy, a monitoring failure occurs.
The number of failures, ny, over a period of time should also be
minimized.
In addition to sensing, a wireless sensor node has to transmit the
collected data to a base station or to other nodes. The transmission
rate can be specified in terms of how far apart should individ-
ual transmissions be spaced. This involves a desired transmission
cycle, e.g. Tfes = 2min, and maximum acceptable transmission
cycle, e.g. T"* = 1440 min (or 24h). The actual transmission
cycle then varies in range Ts € [2, oo) min, because its actual val-
ues can extend beyond T in case of node failure. Similarly to
the sensing rate, T["* is a soft constraint.

These objectives are used to design the structure and parameters
of a controller implementing the energy management system. They
also form the basis of an objective function used for evaluation and
optimization of the controller.

3.2. Fuzzy controller

Fuzzy logic can be considered an abstract language suitable for
efficient definition and synthesis of intelligent control systems [10].
Fuzzy logic controllers use fuzzy sets to describe control conditions
and actions. The ensuing representation allows for easy, high-level
definition of control laws in the form of IF-THEN rules. For example,
a rule describing relation between variables of an energy manage-
ment system can have the following form

IFEp, is VH THEN Ty is VS, 1)

where VH (for very high) is a fuzzy set defined on the input variable
Ep, (level of energy buffer), and VS (for very short) is another fuzzy
set defined on the output variable Ts (sensing cycle, i.e. the time
between two consecutive measurements).

A basic rule-based controller can be designed manually by a
domain expert. For the purpose of energy management, one can
define the following linguistic variables and corresponding fuzzy
sets. The first input variable is normalized energy buffer level, Eg.
This domain is partitioned into five fuzzy sets (a.k.a. terms) shown
in Fig. 2: VL (very low), L (low), M (medium), H (high), VH (very high).

The second input, Ej, is the energy harvesting outlook for n hours
ahead, E9, multiplied by the ratio of the predicted outlook and the
maximum amount of energy available for harvest at given site over
the same time period, Ej*¥,

"TMERT(D) T ER(e)

VL L M H VH
u(Eg)
1
0
0 E, [%] 100

Fig. 2. Fuzzy partition of energy buffer level Eg.

VL L M H VH
W(Eq)
1

0

0 Eq6[%] max(E;q)

Fig. 3. Fuzzy partition of normalized energy harvesting outlook E, (example for
n=16).

This scaling by E3/EM3X(t) takes into account diurnal and annual
distribution of solar radiation, and ensures that the energy outlook
is considered relative to the amount of energy expected over the
horizon of n hours, starting at time t. The value of EJ*¥*(¢t) is constant
for any particular location on Earth that can be calculated based on
spatial coordinates and time of year [55].

The domain of E, is also divided into five terms, with the same
labels as in the previous case. However, their partition is derived
from the distribution of actual energy availability for given time
horizon, so that each term covers 20% of the values. Consequently,
the terms are not distributed evenly, as shown in Fig. 3 for n=16.
The maximum amount of energy, max(E,), differs for each hori-
zon n and depends on the actual environmental conditions at the
deployment site.

The fuzzy controller has two outputs: sensing cycle and transmis-
sion cycle. Sensing cycle, Ts, is the time between two consecutive
measurements. Instead of general fuzzy sets, the output terms are
fuzzy singletons (fuzzy sets whose support is a single point with
grade of membership equal to 1) ranging from s; (short interval =
high sensing rate) to s5 (long interval = low sensing rate). To follow
the example introduced in Section 3.1, the sensing cycle has been
set between 1 and 60 min, corresponding to the range between 1
measurement per minute and 1 measurement per hour. Transmis-
sion cycle is the time between two wireless transmissions. The five
fuzzy singletons range from t; (short interval = high transmission
rate) to t5 (long interval = low transmission rate). The transmission
cycle is set between 2 and 1440 min, corresponding to a transmis-
sion taking place every 2 min to once a day. Relation between the
input and output variables is described using a rule base consisting
of rules in form (1), with consequents represented as fuzzy single-
tons of sensing/transmission cycles. The entire fuzzy rule base can
be represented in a matrix form, as shown in Table 1.

Table 1
Fuzzy rule base of the energy management controller.
Ep
VL L M H VH
En
VL Ss, t5 Ss, t5 Ss, t5 Sq, by $3, 13
L Ss, ts S5, ts5 Sa, by S3, L3 $2, 6
M S5, ts Sa, ta S3, t3 S2, by S, b
H S4, ts s3, t3 Sz, t2 s1, t s, b
VH S3, 3 S2, by S1, b S, t S1, b
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The rule base is evaluated by comparing the actual values of
inputs against the input fuzzy sets

Poss(E, k) = sgp(min({E(t)}, 1i(E))), (3)

where Poss is a possibility measure implementing the comparison,
E is a relative measure of energy (either Eg or E,), E(t) is a fuzzy
singleton corresponding to the actual input value at time t, and
ui(E) is the membership function of one of the fuzzy sets defined
in the corresponding input space (i.e. k={VL, L, M, H, VH}).

Results of these individual evaluations are then combined using
a t-norm operation, and the resulting value determines the level of
activity of the corresponding rule

Ar = Poss(Eg, k) t Poss(Ep, I), (4)

where r is a rule that relates fuzzy sets k and [, defined on input
domains Ep and Ej, respectively. The t-norm operation is imple-
mented using algebraic product t(a, b)=a- b.

The rule activities, A, are finally used as coefficients that weight
the contributions of the output fuzzy singletons towards the control
value, i.e.

Ty(t) = EZA;ST, and Ti(t) = szt’tr, (5)

where s, and t; are the fuzzy singletons assigned to rule r.

The structure of the manually designed controller corresponds
to the matrix representation from Table 1, with fuzzy single-
tons ss=t5=1,54=t4=0.75,53=t3=0.5, s, =t; =0.25, and s =t; =0.

4.1. Optimization method

Based on the literature review, differential evolution was
selected as the method of choice for tuning the controller param-
eters. In contrast to the traditional evolutionary methods such as
genetic algorithms, DE was designed for solving continuous, real-
valued problems. It has been successfully used for optimization of
various fuzzy models including center-of-gravity, standard addi-
tive, and Takagi-Sugeno model [8,15,60]. It was shown that the
DE is in some fuzzy control-related applications superior to other
evolutionary optimization methods including traditional and elitist
genetic algorithms [8]. This choice has also been confirmed through
experimental evaluation of the ability of several widely-used meta-
heuristic optimization methods to evolve fuzzy controllers for
EPWSN. DE gained popularity as a highly efficient method for
both, real-parameter [51] and discrete-parameter [54] optimiza-
tion. Since its inception, it has been used to solve many practical
problems [19].

DE evolves a population of candidate solutions by their iterative
modification through differential mutation and crossover. In each
iteration, mutation is applied to the current population to form so
called trial vectors. These vectors are further modified by various
crossover operators. At the end of each iteration, the trial vectors
compete with existing candidate solutions for survival in the pop-
ulation. A high-level outline of the DE algorithm is summarized
in Algorithm 1. A detailed description of different DE variants and
particular mutation and crossover strategies can be found, e.g., in
[25,51].

Algorithm 1. A summary of classic differential evolution

1 Initialize a population, P°, consisting of M vectors;

2 Evaluate an objective function, fop,;, ranking the vectors in the population;

3 while Termination criteria is not satisfied do

4 forie{l,..., M} do

5 Differential mutation: Create trial vector vf according to some mutation strategy;

6 Validate the range of coordinates of vlr ; optionally adjust coordinates of v/ so, that vf is valid solution to given problem;
7 Perform crossover; select randomly one parameter [ in v and modify the trial vector using some crossover strategy;
8 Evaluate the trial vector.;

9 if trial vector v{ represents a better solution than target vector x; then

10 ‘ add v} to pttl

1 else

12 | add x; to P**!

13 end

14 end

15 end

These value represent relative duration of the sensing cycle,
Ts, and transmission cycle, T;, within the ranges defined ear-
lier. This controller is described by a control surface shown in
Fig. 8(a).

4. Controller optimization

Although the manually designed (set) controller may operate
well, its performance can be further improved by an appropri-
ate modification of its parameters. However, fuzzy systems do
not naturally support learning or adaptation. The lack of an effec-
tive learning mechanism can be overcome by combining fuzzy
systems with evolutionary computing. This contribution uses
an evolutionary approach for the optimization of the controller
introduced in the previous section. During the optimization pro-
cess, the expert-defined, domain-specific rule base is fixed and the
fuzzy singletons sy, ti, ..., S5, t5 are tuned by the evolutionary
algorithm.

Although DE performed well in relevant prior studies [8,15,60],
the efficiency of meta-heuristic optimization is problem depend-
ent [65] and the problem domain and controller representation in
this work are different from the previous applications. To allevi-
ate this problem and to provide comparison with other existing
approaches, three other common soft computing methods have
been used to search for EPWSN controllers: genetic algorithms [1],
particle swarm optimization [34], and covariance matrix adapta-
tion evolution strategy [30,33].

The first method, Genetic Algorithm (GA), is the paramount
evolutionary optimization method [25,41]. It mimicks genetic evo-
lution by iterative application of operators simulating natural
selection and biological reproduction on encoded candidate solu-
tions. The GA has been used to tune [31] and synthesize [11] fuzzy
controllers for nearly two decades.

The second approach, PSO, is a global, population-based
algorithm for continuous optimization based on emulations of
swarming behaviour of bird flocks, fish schools and even human
social groups [34,25]. It uses a population of mobile candidate par-
ticles characterized by their position, x;, and velocity, v;, inside an
n-dimensional search space they collectively explore. The method
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Fig. 4. The process of controller development using differential evolution.

has a number of variants and numerous successful industrial appli-
cations [40], including optimization and tuning of different types
of fuzzy controllers [13,42].

Finally, Covariance Matrix Adaptation Evolution Strategy (CMA-
ES) [30,33] is a recent variant of evolution strategies with
derandomized self-adaptation (i.e. strategy parameter control).
CMA-ES builds and maintains a covariance matrix of mutation
distribution so that the probability of application of successful
mutation steps is increased during the evolution. It uses a princi-
pal component analysis (PCA) of past mutation steps to derive the
new mutation distribution. The algorithm was developed for real-
world search problems with significantly non-separable objective
functions [30]. In the past, it was successfully used for the optimiza-
tion of, e.g., closed loop [57] and multivariable fractional order [61]
fuzzy controllers.

4.2. Optimization process

For the purpose of DE, the controller is encoded as a vector of
10 floating-point numbers ¢, ¢y € [0,1],i € {1,...,5}

€ =(Cs;, Csy, Csy5 Csgs Css» Cty 5 Cty s Cts» Ctys Cts ) (6)

The actual output fuzzy singletons are decoded from this represen-
tation as follows

Cs;s j=1

j-1
CSJ- 1- E St J> 1,
I=1

and analogously for ¢;. This decoding ensures continuity of the con-
troller [45] at no extra cost, and allows the use of traditional DE
operators.

The process of controller optimization is outlined in Fig. 4. First,
an initial population of controllers is formed by randomly per-
turbing the output fuzzy singletons of the set controller (i.e. by
multiplying the manually encoded values of s; and t; by rand(0.9,
1.1)). The controller was optimized using the /DE/rand/1 variant of
the algorithm. The parameters of the algorithm were set according
to the best practices, past experience, and initial trials: scaling fac-
tor F=0.95, mutation rate C=0.9, and population size M=10. The
rather small population size was used due to the low dimension-
ality of the problem and relatively high computational costs of the
simulations. It has been shown, however, that many practical low-
dimensional problems can be successfully solved by DE with small
population sizes [52].

The remaining methods used to evolve PRWSN controllers were
configured as follows, based on the past experience and initial opti-
mization trials. The steady-state GA with generation gap 2 (parents
were instantly replaced by superior offspring chromosomes) used
one-point crossover with probability p.=0.8, and uniform muta-
tion with probability p,, =0.02. Parent selection was a combination
of roulette-wheel and elitist and population size, M, was set to 10 as

(7)

Sj=

Table 2
Parameters of all compared algorithms.

Algorithm Parameters

|DE[rand[1

population size M =10, scaling factor F=0.95, mutation
rate C=0.9

population size M =10, generation gap 2, one-point
crossover operator, probability p. =0.8, uniform
mutation, probability p, =0.02

steady-state GA

gbest PSO population size M =10, inertia weight ¢y =0.729, local
(cognitive) weight ¢y =1.49445, global (social) weight
¢, =1.49445

CMA-ES population size A =10, initial standard deviation

01=05forie{1,...,10}

in DE. PSO was the traditional global variant (gbest PSO) with local
and global weights equal to 1.49445 and inertia weight 0.729. The
number of particles was set to 10. For CMA-ES, a quasi parameter-
free algorithm, the randomly perturbed set controller was used as
the initial solution and the initial standard deviation of all tuned
parameters was set to 0.05. CMA-ES population size, A, was set
to 10. Unlike the other algorithms, CMA-ES did not require any
other explicit parameters. All algorithms were limited by the same
maximum number of fitness function evaluations (1000) and all
optimization runs (DE, GA, PSO, and CMA-ES) were independently
executed 50 times to enable a fair comparison. Parameters of all
compared algorithms are summarized in Table 2.

4.3. Fitness function

Each candidate controller, c, is evaluated using a fitness function,
Jfobj» and then submitted to the DE process described by Algorithm
1. The fitness function developed in this contribution is based
on the design objectives for EPWSN energy management systems
introduced in Section 3.1. It is based on experience from the field
deployment of a recently constructed prototype EPWSN [50]. How-
ever, it can be used for a broad class of problems in the domain
of environmentally powered devices with energy harvesting and
adaptive duty cycling.

The fitness is evaluated based on the performance of the can-
didate controllers in simulations using real data collected at the
location of planned deployment of the EPWSN. In general, this data
should cover one or multiple complete years, to account for the
variability of energy availability through seasons. The fitness func-
tion to be minimized takes into account four aspects of the system
performance

Jovj(©)=w1-fi +wa-fo +w3-f3+wy-fy. (8)

Its components, f;, correspond to the previously introduced
objectives, while the weights, w;, adjust the relative importance
of each objective in the context of the problem [6]. Such combi-
nation of several disparate system characteristics (e.g. percentage,
absolute number and time, as in our case) into a single scalar fitness
function is quite common [47] and well founded in multiattribute
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utility theory [21]. The first component, f;, expresses the average
actual sensing cycle relative to the maximum acceptable sensing
cycle, T3 To account for variability of the actual cycle, the number
of measurements over a period of time is used instead
ngmn

f= g 9)
where n" (derived from TM2X) is the minimum acceptable num-
ber of measurements collected over the period, and n; is the actual
number of collected measurements. Although Ts cannot be set to a
value longer than T{"® by the controller, the actual sensing cycle
can be longer due to node failures caused by the unavailability of
energy and thus inability to perform a scheduled measurement. The
ratio n;“i“ /ns takes value 1 when the actual number of measure-
ments equals n™", and grows/decreases, respectively, with their
decreases/increases.

The second term, f, considers the total length of time when the
measurements are spaced more than 7" apart

b= > T (10)

Ty>Tmax

This way, the failures that yield actual sensing cycle T longer than
Tax are penalized. Such long sensing cycles can be caused by one
failure during periods of low sensing rates, or by a series of consec-
utive failures during periods of higher sensing rates.

The third component, f3, represents the total number of failures,
ny, over a period of time

fz=ns. (11)

The last term, f4, penalizes actual transmission cycles, Tt, longer
than the maximum acceptable transmission cycle, T/

fai= > T (12)

max
Tt> T[

The values of weights in (8) have been determined experi-
mentally during initial trials. They adjust the relative values of
individual fitness component to the order of single digit for a typ-
ical node performance (w; = 100, w, = w3 = 0.01), and adjust the
importance of some components within the overall fitness value
(w4 = 0.0004, representing the relatively low priority of data trans-
mission compared to data collection). In practice, the values of these
constants can be adjusted to represent the importance of individual
fitness components based on application requirements or designer
preferences.

5. Experiments and results

The EPWSN controllers were evolved and examined through a
series of simulation experiments described in this section.

5.1. Experiment design and data description

The computational experiments involved simulations per-
formed using an enhanced version of a recently developed software
simulator of the wireless sensor node [36,37]. The simulator was
extended for this study to implement a model of hardware devel-
oped during laboratory and field characterization of the prototype
EPWSN described by [50]. The model provides accurate description
of energy conversion, storage and consumption within the device. It
considers various measured characteristics, such as the amount of
energy available for harvest, the capacity and leakage of the energy
storage elements, and the amount of energy required by the node in
different operating states. The simulator has also been modified so
it can process and use solar irradiation forecast data for the purpose

of modelling predictive energy management methods proposed in
this contribution.

The operations considered by the simulator include analog
and digital sensor readings (performed together at every samp-
ling cycle), transfer of data between internal memories (there
are a small, energy efficient data buffer, and a larger, but more
power-demanding permanent data storage in a non-volatile mem-
ory device), and wireless data transmission between the node and
a base station. At each simulation step (corresponding to device
wake-up), the simulator records a number of node attributes that
are used for evaluating fitness function and for analyzing node per-
formance.

The evolutionary process, driven by the fitness function
described above, is stopped after 100 generations. The fitness of
the best performing individual in each experimental run is retained,
and the average fitness of the best performers over 50 runs is cal-
culated. This is repeated for each controller configuration and each
optimization method applied. For each method, the average fitness
values are used to determine the configuration that is best qualified
to manage energy consumption of EPWSN.

The controller simulator requires environmental data to deter-
mine the conditions the platform will be exposed to when
deployed. The experiments use five years of data from the ACIS
“Fairview AGDM” site located at 56.0815¢° latitude, —118.4395° lon-
gitude, and 655.00 m elevation. This site was selected due to its
proximity to the EMEND Project in the north-west part of Alberta,
Canada, concerned with forest ecosystem monitoring [24]. The data
set, obtained from the ACIS service [3], has 5min solar irradiance
measurements (in W/m2) continuous from January 1, 2009 until
December 31, 2013. To facilitate testing of the developed con-
trollers, the entire data set was divided to two parts: 40% (2 years)
for training, and 60% (3 years) for validation.

In addition, to allow validation of the controllers using real fore-
casts, solar irradiance predictions for the location of interest were
generated using the numerical weather prediction model WRF [58]
from the Global Forecasting System (GFS) grid 003, for the year of
2012.The outputs for the variable of interest (downward solar radi-
ation) were recorded for every hour, and the values at the spatial
point corresponding to “Fairview AGDM” site were extracted.

5.2. Optimal length of the prediction horizon

Simulations were run for a number of controller configurations:
the ‘simple’ controller considered only energy buffer level, while
controllers ‘E,’ were harvesting-aware, considering energy outlook
forn e {2, 3,4,5,6, 8, 16, 24, 32} hours ahead. The results of the
optimization, in terms of average number of annual measurements
and error rate of evolved controllers, are shown in Figs. 5 and 6,
respectively. The plots indicate that the DE is in most configura-
tions the best optimization strategy combining the highest average
number of measurements and the lowest error rate of evolved
controllers. Controller E3, with 3h energy availability outlook,
appears to be the most successful energy availability-aware control

T
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M 1 - ;.;:'*"m»;, 77777777 R .
0.5 :
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0
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controller

Fig. 5. Comparison of the average number of measurements collected per year
(training data set).
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strategy with the maximum amount of average annual measure-
ments and minimum average error rate.

5.3. Controller validation

To allow validation and comprehensive comparison of differ-
ent types of evolved controllers, each obtained control strategy
was applied to training (labeled ‘trn’) and testing (labeled ‘tst’)
data sets. The two data sets cover the periods of 2 and 3 years,
respectively, as described in Section 5.1. Simulations were also run
separately for the manually set (labeled ‘set’) and evolved (labeled
‘evo’) controllers. Results of all simulation experiments are shown
inFig. 7. The height of each bar represents the fitness of correspond-
ing controller/data set combination, while the segments of each bar
correspond to individual fitness components f; — f3.
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Table 3 details the results illustrated in Fig. 7. In addition to
the fitness and its components, the table lists the average amount
of energy harvested per year, Ey, the average number of measure-
ments collected per year, M, the relative percentage of failures, Fail,
and the average durations of the sensing cycle, Ts, and transmission
cycle, T. As mentioned earlier, the optimal prediction horizon has
been determined to be n=3 h. The corresponding group of experi-
ments attained the lowest fitness on both the training and testing
data sets (cf. rows ‘evo trn’ and ‘evo tst’ under group E3 in Sec-
tion 3). Accordingly, this controller has also yielded a combination
of the maximum number of annual measurements and minimum
percentage of failures. This confirms the conclusions obtained by a
visual inspection of the average annual number of measurements
(maximum at E3) and error rate (minimum at E3) of all examined
controllers shown in Figs. 5 and 6, respectively.

5.4. Analysis of the best performing controller

From the 50 independent optimization runs, controller labeled
‘E'3"35t‘ achieved the overall lowest values of fitness Fop; =11.69. The
control surfaces for the best-performing controller are shown in
Fig. 8(b) and (c). Both sensing and transmission control surfaces
have similar strategies for VH and VL values of Eg and E,. For the
intermediate values (H, M and L), the controller prefers sensing
before transmitting the data.

Detailed analysis of the winning controller performance is
shown in Figs. 9 and 10. Fig. 9 shows a histogram of intervals
between measurements for the winning controller. The controller
adjusts the sensing cycle to 1 min when the storage is fully charged
and ample ambient energy is available, and between 1 and 2 min
most of the time. During the periods of low energy availability (e.g.
during long nights), the controller sets the sensing cycle to longer
periods. Only at 147 (or 0.03%) occasions is the actual cycle longer
than the maximum acceptable sensing cycle T,"®* = 60 min.

The transmission cycle histogram is shown in Fig. 10. The cycle
is set to the minimum length of 2 min most of the time, with longer
periods engaged in situations analogous to the sensing cycle. Only
at 4 (or 0.0016%) occasions is the transmission cycle longer than
the maximum acceptable transmission cycle T = 24 h.

Behavior of the winning controller through a complete year of
operation is illustrated in Fig. 11. The top graph shows the time
series of daily number of measurements (solid line) and distribu-
tion of the sensing cycles (gray dots corresponding to individual
values of sensing cycle for each day). Similarly, the second graph
shows the daily number of transmissions and individual values of
transmission cycle. In both cases, the distribution scatter plots cor-
respond to the histograms shown in Figs. 9 and 10, but unfolded in
time. The third and fourth plots show the daily average values of
the energy and data buffers, respectively.
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Table 3
Simulation results for different controller configurations (simple and predictive), prediction horizons of energy outlook (values of nin E;), and data sets (training and testing).
Reported values are averages over 50 simulation runs.

Group Data Fitness fi f f3 fa Ep [K]] MI[-] Fail [%] Ts [s] T; [s]
set trn 23.51 4.68 10.23 8.60 0.00 179.6 187,285 0.23% 168 378
set tst 32.57 461 15.20 12.76 0.00 171.7 178,971 0.24% 166 373
Simple evo trn 16.58 4.78 6.42 5.31 0.97 178.5 183,865 0.14% 172 374
evo tst 24.47 4.71 10.77 8.99 0.98 170.7 175,818 0.17% 169 368
set trn 22.55 5.73 9.14 7.68 0.00 159.6 152,811 0.25% 206 454
set tst 24.84 5.72 10.46 8.66 0.01 1511 144,278 0.20% 205 454
E, evo trn 16.19 5.26 5.96 4.94 0.97 166.7 169,709 0.15% 189 437
evo tst 23.85 5.23 10.15 8.46 0.98 158.1 160,922 0.17% 188 436
set trn 24.95 6.09 10.28 8.57 0.00 153.2 143,733 0.30% 219 488
set tst 23.98 6.06 9.85 8.06 0.01 145.2 135,999 0.20% 218 487
E;3 evo trn 14.11 4.81 5.00 4.10 0.97 169.0 185,345 0.11% 173 455
evo tst 21.35 475 9.05 7.54 0.99 160.9 176,876 0.14% 171 453
set trn 19.74 6.46 7.30 5.98 0.01 147.4 135,56 0.22% 232 523
set tst 23.27 6.47 9.20 7.59 0.01 139.1 127,42 0.20% 233 526
E4 evo trn 14.89 4.97 541 4.44 0.98 165.8 179,859 0.12% 178 474
evo tst 22.04 490 9.34 7.79 0.99 1579 171,638 0.15% 176 471
set trn 23.26 6.96 8.87 7.43 0.02 140.6 125,828 0.29% 250 571
set tst 26.07 6.95 10.43 8.69 0.03 1329 118,596 0.24% 250 572
Es evo trn 16.01 5.06 5.89 4.85 0.98 162.8 177,381 0.14% 182 499
evo tst 22.76 499 9.68 8.08 1.00 155.4 169,418 0.16% 179 493
set trn 21.23 7.49 7.53 6.21 0.02 1344 116,976 0.26% 269 620
set tst 24.76 7.49 9.46 7.82 0.03 127.2 110,179 0.24% 269 622
Eg evo trn 16.48 5.54 5.94 4.89 0.98 155.5 162,845 0.15% 199 533
evo tst 25.05 5.46 10.67 8.91 0.99 148.5 155,611 0.19% 196 526
set trn 23.93 8.67 8.24 7.02 0.04 1233 101,076 0.35% 312 735
set tst 25.70 8.82 9.25 7.64 0.05 1154 93,556 0.27% 317 757
Eg evo trn 17.23 7.05 5.53 4.54 0.98 140.7 129,569 0.17% 254 599
evo tst 24.10 6.95 9.36 7.79 0.99 134.5 124,169 0.21% 250 593
set trn 29.08 14.17 8.01 6.90 0.08 93.6 61,841 0.55% 510 1466
set tst 36.14 16.21 10.82 9.11 0.10 84.1 50,871 0.59% 584 1755
Eqg evo trn 21.50 7.78 7.38 6.20 0.99 1171 132,581 0.23% 280 1232
evo tst 29.77 7.87 11.93 9.97 0.99 110.1 125,265 0.26% 283 1324
set trn 27.31 12.85 7.85 6.61 0.07 96.5 68,167 0.48% 463 1350
set tst 34.54 15.32 10.47 8.75 0.09 84.7 53,836 0.54% 552 1732
Ejs evo trn 20.33 6.22 7.66 6.37 0.98 127.2 154,885 0.21% 224 1059
evo tst 29.27 6.35 12.51 10.41 1.00 118.1 145,819 0.24% 228 1238
set trn 28.95 11.84 9.30 7.81 0.07 101.7 74,004 0.52% 426 1167
set tst 35.94 13.58 12.15 10.21 0.10 90.5 60,738 0.56% 489 1400
Esy evo trn 19.73 5.80 7.45 6.16 0.98 136.3 167,912 0.18% 209 931
evo tst 28.15 6.01 12.08 10.05 0.99 126.1 157,564 0.21% 216 1089
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All four plots clearly express the following seasonal trends. Dur-
ing summer (corresponding to the middle sections of the plots),
when ambient energy is abundant, the daily numbers of mea-
surements and transmissions are relatively high (and, conversely,
the durations of sensing and transmission cycles are short). The
increased activity of the node is supported by the higher average
level of the energy buffer, and excess energy is also used to per-
form more frequent data transmissions (as shown by the relatively
lower levels of data buffer). In winter (corresponding to the begin-
ning and end parts of the plots), the trends are reversed: sensing
and transmission activities are suppressed due to the lower avail-
ability of ambient energy reflected by the lower average levels of
the energy buffer. The data buffer is relatively full, because of the
less frequent transmissions to conserve stored energy.

5.4.1. Comparison with baseline controllers

To put the performance of the optimized controller to a per-
spective, it has been compared with two static control strategies.
Both static controllers have fixed sensing and transmission cycles
representing low- and high-intensity monitoring: $60/1440 (one
measurement every hour and data transmission once a day), and
S!2 (one measurement a minute and data transmission every
2 min).

These controllers have been compared with Ege“ in simula-
tions involving all three data sets employed earlier in this work to
evolve and test the new controller. The simulations using trn and
tst spanned across two (2008-2009) and three years (2010-2012),
respectively, while the real data set covered one year (2012). The
results of this comparison, on a per-year basis, are shown in Table 5.
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Table 4

Performance of the best controller evolved by the DE, E‘;E“, on training (evo trn) and testing (evo tst) data, and on actual forecasts of solar energy availability (evo real).

Algorithm Data Fitness fi f f3 fa Ep [K]] MI-] Fail [%] T [s] T; [s]
evo trn 11.69 4.64 3.90 3.14 0.004 184.61 188,800 0.083% 167 360
DE evo tst 18.42 4.58 7.57 6.27 0.002 176.30 180,265 0.116% 164 354
evo real 12.30 471 427 3.31 0.001 183.70 185,837 0.178% 169 363
Table 5
Performance of static controllers and E‘;"“ on all data sets.
Controller Data Fitness fi I3 f3 fa Ex [K]] MI-] Fail [%] Ts [s] Te [s]
Eges‘ 11.69 4.64 3.90 3.14 0.004 184.61 188,800 0.083% 167 360
stz trn 5629.89 3.35 90.32 5536.22 0.000 189.23 261,606 51.412% 120 375
§60/1440 122.49 104.66 9.71 8.12 0.279 60.67 837 4.626% 3771 90559
Eg’est 18.42 4.58 7.57 6.27 0.002 176.30 180,265 0.116% 164 354
NG tst 7837.06 3.30 125.46 7708.31 0.000 181.02 250,272 50.658% 120 369
§60/1440 127.56 104.24 12.76 10.56 0.393 57.92 7912 0.044% 3755 90612
E3bESt 12.30 471 427 3.31 0.001 183.70 185,837 0.178% 169 363
si2 real 2837.95 3.38 45.57 2789.00 0.000 187.26 259,193 51.831% 121 380
§60/1440 112.92 104.50 4.67 3.75 0.140 60.63 8383 4.282% 3759 90492
Table 6

The high values of f, and f; for S1/2 correspond, respectively, to the
contiguous nature of controller failures and their very high num-
ber. This shows that there is not enough ambient energy to support
high-intensity sensing with short, fixed measurement and trans-
mission cycles. The second static controller, S59/1440 collects only a
small number of all possible measurements (cf. the high value of f; ),
yet still does not guarantee error-free operation of the monitoring
system.

The average weekly numbers of monitoring failures (i.e. mea-
surement periods longer than 60 min) over one year are illustrated
in Fig. 12, for all three data sets. The graphs show that the adaptive,
harvesting-aware controller E‘;eSt operates with very few monitor-
ing failures per week throughout the year. The static controllers
have, on average, 3-4 times more failures. In the simulation using
real weather forecasts, E';esr worked 12 weeks without a single
failure. In contrast, both static control strategies encountered 4-
11 monitoring failures every week. The fast controller S/2 had
7 weekly failures throughout the year, with the exception of the
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Fig. 12. Average number of monitoring failures per week of year (for three different
data sets).

Longest measurement and transmission cycles (in minutes)/hours without mea-
surement and transmissions for all three controllers.

Measurements Transmissions

Sl 12 560/1440 Egesl 51/2 560/1440 EI3)est
1404/23 780/13 780/13 1405/0 2160/1 1644/1
1235/20 780/13 780/13 1235/0 1980/1 1503/1
1205/20 720/12 780/13 1205/0 1860/1 1448/1
1199/20 720/12 780/13 1200/0 1740/1 14471
1185/20 720/12 780/13 1185/0 1560/1 1430/0

second week with 5 failures and 24th week with 9 failures. This
corresponds, on average, to one failure every day. The slow static
controller $59/1440 performed even worse, despite its significantly
longer sensing cycle.

The summary of the five longest periods between measure-
ments and transmissions for each controller, under the realistic
simulation scenario, real, is provided in Table 6. The table illustrates
that the adaptive, harvesting-aware sensing and transmission
strategy of E';e“ reaches similar number of hours without measure-
ment as the slow static controller $6/1440 but collects more than 22
times more measurements over the course of the year. The fast con-
troller S1/2 collects approximately 1.4 times more measurements
than Ege“, over the same time period. However, the measurements
scheduled and executed by E_,'fest are more evenly distributed over
time, as shown by the significantly lower number of hours without
measurements. The evolved controller thus provides much more
consistent coverage of the monitored phenomena.

From the perspective of data availability, E';eSt experienced a
total of one day without transmission. This is worse than S'/2 that
transmitted data every day, but better than §59/1440 that failed to
send data in the required daily intervals multiple times.

To evaluate the inconsistency caused by missing measurements,
we introduce an inconsistency score

M 2(m/mmax)
Mmax) 1+ (m/mmax) }’

where Mpax is the number of measurements that could be collected
over the considered time period (here, one year) with the shortest
possible sensing cycle of 1 min, M is the actual number of mea-
surements collected by a controller over the same period (year),
Mmax iS the maximum number of missing measurements for given
monitoring failure event across all compared controllers, and m is
the actual number of missing measurements for given event and

IS(m) = (1 _ (13)
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Fig. 13. Inconsistency score of 50 longest periods between measurements of E2*st,
S112, and S60/1440 (Jower is better).

particular controller. The first term reflects the proportion of the
maximum possible number of measurements actually collected by
a controller. It evaluates to 0 when all possible measurements are
collected, and to 1 when all measurements failed. The second term
describes the severity of a monitoring failure for particular con-
troller using the relative number of missing measurements with
respect to all compared controllers. This term evaluates to 0 when
there are no measurements missing (i.e. when no failure occurred),
and to 1 if no measurements are collected during the failure period.

The higher IS(m), the greater the inconsistency in terms of
time coverage of measurements, weighted by the success in col-
lecting their maximum desirable number. A visual comparison of
50 longest intervals between measurements in terms of IS(m), is
shown in Fig. 13. It shows that for the monitoring periods with
the longest failures, E';e“ substantially reduces inconsistency of
collected data, compared to both S1/2 and $60/1440,

The analysis of the longest measurement and transmission
periods shows that adaptive, harvesting-aware sensor node con-
trol allows consistent, predictable power management that yields
small number of failures with a well spread temporal distribu-
tion. In contrast to static control strategies, the harvesting-aware
approach substantially reduces the number of monitoring failures
during which the phenomena of interest is not sensed for more than
60 min. This enables the use of complex dynamic sensing and mon-
itoring strategies powered by ambient energy that can respond to
various application requirements.

5.4.2. Verification using real forecasts

To verify the performance of the selected controller under real-
istic conditions, an additional simulation has been executed using
solar irradiation values obtained from the WRF numerical weather
prediction model, rather than from historical measurements used
for training and testing. This corresponds to a real deployment sce-
nario, when irradiation forecasts could be generated off-site and
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provided to the nodes from a central location (e.g. from a data
aggregator).

The results of this experiment, along with detailed performance
indicators of the winning controller on the training and testing data
sets, are shown in Table 4. The overall fitness of the controller using
real forecasts is only slightly higher than the fitness obtained dur-
ing training. Values of all other indicators (including the amount of
harvested energy, number of measurements, and average sensing
and transmission cycles) are also comparable to the training per-
formance.

Histograms of measurement and transmission periods from this
experiment are shown in Fig. 14. It can be seen that the distribution
of intervals is similar to those obtained in previous experiments
using historical irradiation measurements, corresponding to a per-
fect forecast. For example the number of measurement intervals
longer than 60 min slightly increased from 0.03% to 0.05%. In other
words, any errors of numerical weather prediction for the test
period (full year of 2012) did not significantly compromise the per-
formance of the controller. This clearly confirms the validity of the
proposed approach, and its practicality for use with actual weather
forecasts.

5.5. Alternative optimization approaches

For an in-depth comparison of the outcome of different opti-
mization strategies, three alternative approaches (cf. Section 4.1)
were also applied to optimize the most promising type of energy
management controller E3 with 3-h energy availability outlook. The
performance of the best controllers with 3 h energy availability out-
look, optimized by PSO, GA, and CMA-ES, is summarized in Table 7.
It can be seen that the different optimization strategies (cf. Table 4)
have triggered evolution of controllers with different high-level
properties. When used with the alternative approaches, the objec-
tive function fo; (8) developed in this work yields controllers that
harvest less energy and perform smaller number of measurements,
as compared to DE. Only PSO produced a controller comparable
with that obtained by DE. Although the final value of training fit-
ness of PSO is slightly lower than that of DE, PSO performs worse
on the test data and also using real forecasts. This is likely caused
by overfitting of the PSO obtained controller, often associated with
a quick convergence clearly visible from the graphs shown Fig. 15.
In the case of GA, the evolved controllers also transmitted data, on
average, with approximately 20 times longer cycle. With CMA-ES,
even the best evolved controller featured long average transmis-
sion periods of more than 1.5 h (5400 s). This observation is in line
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90 | 75309 Distribution of intervals between transmissions 1
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Fig. 14. Histograms of measurement and transmission periods for the best evolved controller E‘;e“ driven by numerical weather prediction forecasts (year 2012).
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Table 7

Performance of the best controllers with 3 h energy outlook evolved by PSO, GA, and CMA-ES on training (trn) and testing (tst) data, and on actual forecasts of solar energy

availability (real).

Algorithm Data Fitness fi f f3 fa Ey [K]] MI-] Fail [%] T [s] T; [s]
trn 10.78 4.64 3.43 2.70 0.004 184.50 188,665 0.072% 167 361
PSO tst 19.78 4.58 8.28 6.92 0.000 176.15 179,983 0.128% 165 355
real 12.59 4.72 4.42 345 0.000 183.57 185,642 0.185% 169 363
trn 13.78 5.81 438 3.59 0.005 161.80 150,765 0.119% 209 433
GA tst 21.73 6.60 8.24 6.89 0.002 141.17 124,909 0.184% 237 495
real 11.16 6.36 2.75 2.05 0.001 153.27 137,781 0.149% 228 472
trn 14.53 5.49 497 4.00 0.07 108.26 159,625 0.125% 198 6027
CMA-ES tst 22.79 5.42 9.50 7.87 0.001 103.23 152,199 0.172% 195 5967
real 12.20 5.50 3.80 291 0.0004 108.93 159,337 0.182% 198 5636

T
DE- - -PSO--- GA - - - CMA-ES

| i T ! o=
200 300 400 500 600 700 800 900 1,000

Fitness function evaluation

Fig. 15. Evolution of the best controllers with 3 h energy outlook by DE, PSO, GA,
and CMA-ES.

with previous results on CMA-ES that show that it can be out-
performed by other (more randomized) algorithms on multimodal
functions that are not highly non-separable [29,53]. Although the
fitness function might be tuned to better correspond to the high-
level search approach provided by these algorithms, such research
is beyond the scope of this application-focused study.

6. Conclusion and future work

This article introduced a new predictive energy management
strategy for environmentally-powered wireless sensor nodes. The
strategy has been designed in the form of a fuzzy control system,
and optimized using evolutionary computing. The controller man-
ages how energy is invested with respect to data collection and
transmission. The environmentally-powered wireless sensor node
uses energy outlook that estimates future energy available for har-
vest using location-specific predictions of solar irradiation.

The proposed system has been thoroughly examined using sim-
ulations based on a realistic, hardware-derived model of sensor
node operation and energy-related environmental data collected
at a particular deployment site. The proposed approach allows
optimization of energy management strategy suitable for intended
sensor node deployment sites without the need for expensive and
time-consuming long-term hardware evaluation. The same data
has been used for controller optimization and for determination
of the optimal length of prediction horizon used to calculate the
energy outlook. The obtained energy management strategies have
also been compared to two static, baseline controllers and validated
using real weather forecast data.

Conducted experiments demonstrate that the proposed con-
troller design and optimization result in excellent monitoring
performance with respect to sensing and transmission rates. This
ensures effective acquisition of environmental data and appro-
priate hardware optimization (solar panel configuration, energy
storage type a capacity, etc.) of sensor nodes or entire sensor
networks.

Future work will consider application of alternative opti-
mization approaches. Given the multi-objective nature of the
optimization problem, the weighted aggregation approach [6] used
in the current work could be replaced by a suitable population- or

pareto-based method [25]. However, these alternatives also face
the problem of determining the relative importance or dominance
of individual sub-objectives that will have to be resolved with
respect to the requirements of particular application.

In the long term, substantial effort will concentrate on real-
world, field validation of the simulation results presented in this
contribution. It is expected that the experience obtained during
such field trials will allow further optimization of sensor node
hardware and potential improvement of the developed simulation
environment.
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