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The  development  of autonomous  energy  systems  has  been  accompanied  by  a number  of  challenges
related  to the  specific  characteristics  of  these  systems,  such  as  power  flow  control,  development  of  pro-
tection  systems  respecting  the  dynamic  changes  in short-circuit  power  and the  issue  of compliance  with
power  quality  parameters.  To  keep  the power  quality  parameters  of  electrical  energy  in Off-Grid  systems
within  the  limit  is highly  complicated  with  regards  to the supply  of electrical  energy  from  renewable
sources  of  a stochastic  nature,  which  are  used  as dominant  sources  of  electric  or  heat  energy.  Variations
in  short-circuit  power  may  significantly  affect  the  system  stability  and  may  have  a  negative  impact  on
the  operation  in case  of  sensitive  appliances.  We  developed  tools and  methods  to keep  the  power  qual-
rtificial intelligence ity  parameters  in  Off-Grid  systems  within  the  limits  using  an intelligent  approach  based  on  an  artificial
intelligence  technique.  Our computational  model  is  able  to predict  disturbances  in  power  quality  and
perform  a set  of  proper  reactions  to avoid  such  disturbances  with over  60%  success  rate  in time  horizon
of  15 min  ahead.  As a result,  it is subsequently  possible  to  optimize  the  operation  of  Off-Grid  systems  and
thus  contribute  to improvements  in  the power  quality  parameters  in  Off-Grid  systems.

©  2017  Elsevier  B.V.  All  rights  reserved.
. Introduction

Autonomous energy systems (also Off-Grid systems) are often
perated in conjunction with Renewable Energy Sources (RES),
uch as Wind Power Plants (WPP), Photovoltaic Power Plants (PV),
iquefied petroleum gas (LPG) generators, etc. to generate electric-
ty. The development of energy storage systems and sophisticated
ontrol algorithms allows a reliable and affordable electricity gen-
ration using RES in year-round operation [1–3].

However, some fundamental difficulties associated with the
ff-Grid systems are the issues of power flow control (including
ppliance prioritization), further developments in protection relay
oncepts, and the issue of power quality (PQ) parameters. One of
he key technical issues to be solved in relation to the operation of
he Off-Grid system is to keep the PQ parameters of electric energy
ystem within the limits [4–6].
In general, the PQ parameters can be defined as values of voltage,
ower frequency, total harmonic distortion of voltage and current,
hort-term and long-term flicker severity, etc [4,7]. If the PQ param-

∗ Corresponding author.
E-mail address: jindrich.stuchly@vsb.cz (J. Stuchly).

ttp://dx.doi.org/10.1016/j.epsr.2017.02.021
378-7796/© 2017 Elsevier B.V. All rights reserved.
eters are not in the allowed limits, this may  lead to reductions in the
efficiency of electrical appliances or even cause irreversible dam-
age in sensitive appliances. To keep the PQ parameters of electrical
energy in the Off-Grid systems within the limit is extremely diffi-
cult when electrical energy is supplied from RES. These are usually
stochastic in nature, which implies fluctuations in PQ in the Off-Grid
systems [8,9,15]. This problem can be solved by using energy stor-
age devices, plug-in vehicles or sophisticated management systems
(demand side management) able to ensure the supply of electric
energy for all operating modes [10–14].

The major problem that affects the quality of electric power,
or more precisely the PQ parameters, is the value of short-circuit
power. The short-circuit power in the Off-Grid system is usually
several times lower than that in the conventional On-Grid systems,
and the value changes during various operating modes of a power
converter [16–19].

With regard to the results of the currently published research,
the studies usually concentrate on a narrow aspect of the phe-
nomenon of PQ controlling [20–24]. The method presented in Ref.
[20] solves the PQ in an autonomous wind/diesel power system

using an intelligent adaptive system, but does not mention any
potential lack of energy in time, and regulates the PQ in the Off-Grid
using power controllers. Different methods presented in Refs. [21]

dx.doi.org/10.1016/j.epsr.2017.02.021
http://www.sciencedirect.com/science/journal/03787796
http://www.elsevier.com/locate/epsr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.epsr.2017.02.021&domain=pdf
mailto:jindrich.stuchly@vsb.cz
dx.doi.org/10.1016/j.epsr.2017.02.021
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nd [22] quantify and measure the PQ parameters or try to find opti-
ized allocations of power quality monitors in the transmission

ystems [23], however only in the On-Grid system. The research
eviewed in Ref. [24] optimizes only some of the components of
he Off-Grid system with regard to PQ parameters.

Some artificial intelligence methods are useful in forecasting PQ
arameters, such as those presented in Refs. [25–28]. Such meth-
ds gained a lot of attention also in other fields of study [29,30],
hich confirms their relevancy of application. However, based on

he available literature, these methods have not been verified for
he Off-Grid systems to date, and the PQ parameter forecasts have
een done for one PQ parameter only.

The reviews in Refs. [31,32] conclude that most of the PQ dis-
urbance classification models are based on online detection and

oderation of the problem instead of their avoidance in the first
lace. Our approach focuses mainly on developing new methods
nd tools to keep the PQ parameters in allowed limits and their
eal implementation in Active Demand Side Management (ADSM)
1] of the Off-Grid system. This makes it different from the available
esearch reviews in this field. Such advantage is achieved by fore-
asting disturbances and applying an active management of electric
nergy demand.

The optimization of the PQ parameters supported by artifi-
ial intelligence methods in Off-Grid systems can be considered

 huge challenge. This research paper presents a novel approach
o PQ parameter optimization (PQPO), which allows a compre-
ensive optimization of the Off-Grid system operation using AC
oupling topology. This optimization is grounded in a PQ param-
ter forecasting tool using artificial intelligence (support vector
egression) and a subsequent feedback optimization process to
eep the PQ parameters within allowable limits in all operating

odes, while an optimized operation of the Off-Grid system is guar-

nteed. The complex approach described in this paper ties together
rtificial intelligence forecasting with autonomous feedback con-
rol on hardware platform, which makes us able to evaluate the

Fig. 1. Experimental platform
 Research 147 (2017) 165–173

validity of the entire ADSM model for the first time ever. The opti-
mization tool for PQ parameters works as an integral part of ADSM
for Off-Grid systems presented in Ref. [1] — see details of the tested
experimental platform in Fig. 1.

2. Description of the experimental platform

In 2011, an experimental platform operating in an Off-Grid
mode was developed in the campus of VSB — Technical University of
Ostrava, Czech Republic, see Fig. 1. Its main purpose is to simulate
household conditions via applying the most common household
appliances. This platform comprises of all specific Off-Grid System
requirements, namely:

• Autonomous operation independent of energy from external
power grids.

• Equable generation–consumption balance.
• Possibility of energy storage.
• Predominant use of RES.
• Capability to serve non-traditional loads.
• New type of a relay protection concept allowing for bi-directional

power flows and short-circuit power changes [19].
• Active Demand Side Management [1].

A detailed description of the proposed Off-Grid system can be
found in Refs. [1] and [19].

The tested Off-Grid experimental platform is supplied by a PV
system with a battery bank functioning as a storage device. The PV
is divided into 2 strings (PV1 and PV2 in Fig. 1), and the maximum
installed power of each string is 2 kWp. The battery bank uses Ni–Cd
batteries with an installed capacity of 750 A·h at the 24 V level on

the DC bus-bar.

The heart of the Off-Grid system is a hybrid inverter (SI
in Fig. 1). This inverter creates the standard single phase AC
grid (230 V/50 Hz) with adjustable grid parameters, e.g. voltage,

 of the Off-Grid system.
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Table  1
Loads used in the experimental platform.

Household appliance Power input (W)  Household appliance Power input (W)

LCD Screen 24′′ 25 Microwave oven 1160
Notebook + dock station 50 Kettle 960
Stereo  speakers 10 Refrigerator 150
Colour  laser printer 1050 LCD TV 32′′ 110
AC/heating 1400/2000 Hot water heating 550

Programmable load 0–4000
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Solar  collector accessories 80 

ower frequency, maximal loads, etc. The hybrid inverter is a bi-
irectional battery power converter (battery inverter and charger)
nd it supports the use of power sources on AC side (generator,
ow-voltage external grid — GRID in Fig. 1, photovoltaic inverter —
VI in Fig. 1) [33].

Electricity consumption in the Off-Grid system significantly
ffects the parameters of the installed power sources and the PQ
arameters of electric energy. The electrical appliances used in the
xperimental platform are listed in Table 1.

. Data processing and variables dependency extraction

.1. Data acquisition

As data inputs for the developed forecasting models, we cre-
ted a large database of 118 variables of one minute measurements
uring the entire year (2015), so it contained conditions of the Off-
rid for all seasons. To describe the weather conditions observed
nd measured in the area where the laboratory is placed, we made
able 2 evaluating the typical days for each season through rele-
ant variables. Each typical day represents the day whose highest
evel and overall progress of solar irradiance was the closest to
he median of these values of its season. The average values of the
eather conditions and energy generation consumption were cal-

ulated on such days. P1 avg is the active power consumption of
he Off-Grid system, S1 avg is the apparent power consumption of
he Off-Grid system, and S SI is the apparent power delivered to the
ff-Grid system by the Off-Grid converter − marked as SI in Fig. 1.

The complete database (created from the detailed monitoring
ystem) contains variables describing the weather conditions, such
s wind direction, air temperature, relative humidity, etc. Next,
here are the power consumption and generation parameters —
ctive, reactive, apparent powers or power factors of individual
onverters, battery bank parameters, PV array, PQ parameters, etc.
owever, not all the variables from the given dataset are relevant

or the forecasting model. The selected weather parameters and

heir relevancy confirmed by estimation of mutual information (MI)
re depicted in Fig. 2.

The output values from the forecasting models were predictions
f PQ parameters, such as the value of long term flicker severity

able 2
verage values of parameters in typical days of the seasons.

Parameter Winter Spring 

Max. solar irradiance (W·m−2) 266.7 715.6 

Hours  of sunlight 7.5 12.1 

a b a 

Wind speed (m·s−1) 3.3 3.4 1.1 

Temperature (◦C) 4.6 5.1 12.3 

Pressure (hPa) 981 983 978 

P1  avg (W)  170 219 63 

S  SI (V·A) 757 759 504 

S1  avg (V·A) 1041 1067 261 

a Total average in selected session of the year 2015.
b Daily average in selected session of the year 2015.
Fig. 2. Diagram of the computed relevancy by mutual information for parameters
with  non-zero dependency.

(Plt) — calculated from the short-term flicker severity (Pst), total
harmonic distortion of voltage (THDu), total harmonic distortion
of current (THDi) and power frequency (freq). All these values are
predicted in time from 1 to 4 ticks ahead.

3.2. Variables’ relevancy estimation

The nature of the applied algorithms lies in the self-handling of
relevant and irrelevant variables via modification of (input) weights
during the learning time. A larger amount of the applied variables
may  increase the duration of the learning process and may  lead to
finding a local, instead of global, optimum. This phenomenon may
decrease the total performance [34].

For this reason, to pick the most suitable subset for each of
the predicted variables, we  performed several evaluations of input
variable relevancy to the predicted PQ parameters. Although the

physical dependencies were known and clearly defined, the applied
measuring procedure could have potentially decreased this rele-
vancy in the averaged values of the used time frames.

Summer Autumn

885.2 498.9
14.2 10.6

b a b a b

1.7 2.1 2.4 0.2 0.5
15.6 21.1 22.7 13.3 16.4
978 982 983 984 981
89 851 1164 225 306
464 649 685 429 458
153 944 1242 366 397
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Î

w
g
t
p
m
e
c
t
b

a
b
t
T
w
r
m

3

s
T
o
t
u
i
i
p

f
t
w
m
p
m
f
a
e
b
t
m

Subject to : ⎪⎩ −qi + (w · ˚ (x)) + b ≤ ε + �∗
i

�i, �∗
i

≥ 0, fori = 1, . . .,  n

(7)
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The first dependency measure was the familiarly known corre-
ation coefficient [35]. This measure is simple to estimate, but on
he other hand, it only reflects a linearly based dependency.

Another applied analysis was the evaluation of causal interac-
ions, especially the computing of Granger causalities [36]. This
taetctistical measure, in our case, does not reveal any significant
irect causal relations inside the given data set.

The relevancy measurement, which was applied with success,
as the MI  calculated by Kraskov estimation [37]. This multivariate

pproach is able to evaluate the relevancy of each of the variables
nd the total relevancy of the selected subset. Kraskov estimation is
ased on Kozachenko–Leonenko entropy estimation (Eq. (1)) [37]:

ˆ (X) = − (K) +  (N) + log (cd) + d

N

∑N

n=1
log (εX (N, K)) (1)

here N means the number of samples in X, d is the dimensionality
f samples x, cd means the volume of a d-dimensional unitary ball,
nd �X (N, K) is twice the distance (usually chosen as the Euclidean
istance) from xi to its k-th neighbour. The most known derivate of
I  estimation has the following form (Eq. (2)) [37]:

(X; Y) = � (N) + � (K) − 1
K

− 1
N

∑N

i=1

(
 

(
�xi

)
− �

(
�yi

))
(2)

here �xi is the number of points whose distance from xi is not
reater than 0.5 ∗ �X (i) = 0.5 ∗ max (�X (i) , �Y (i)).  As we can see,
he Kraskov’s MI  does not require the computation of underlying
robability distributions of the given time series, but simply esti-
ates the dependency by its K-NN clustering. This simplifies the

ntire approach. A comparative review by Doquire and Verleysen
onfirmed its performance against other widely known estima-
ion approaches [38]. MI  estimated by this approach was also the
ackbone of the feature selection in several studies [39,40].

The estimated MI  does not reflect how a modification of one vari-
ble affects the progress of another, and this task is solved herein
y applying a machine learning model. The relevancy of the men-
ioned variables to the predicted parameters is depicted in Fig. 2.
his computation was performed with a time shift of 1 tick back-
ards according to the predicted variable, so we computed how

elevant the averaged value of the previous minute was to the one
inute’s future value of the predicted PQ parameter.

.3. Power generation forecasting

One of the key parts of the ADSM concept is the module respon-
ible for the forecast of generated energy by photovoltaic panels.
he knowledge about the amount of energy available in the future is
ne of the most relevant pieces of information during the optimiza-
ion of an energy consumption plan. This prediction also enables
s to compute the amount of energy to be available in batter-

es in the future, and therefore this variable can be applied as an
nput in PQ forecasting without time-shifting, which increases the
erformance of the PQ forecasting model.

The applied data for power generation prediction was obtained
rom meteorological forecasts. In hourly time frames they describe
he progress of variables, such as air temperature, humidity,
ind speed, cloudiness and atmospheric pressure. Cloudiness and
aximum solar irradiation were considered the most relevant

arameters for this experiment. In order to improve the perfor-
ance of the model we computed the maximum solar irradiation

or a particular hour, which was performed by interpolation over
ll the sunny days in the year. The final forecasting of power gen-

ration was made using the Recurrent Neural Network with the
ackpropagation through time learning algorithm. Details about
he algorithm, the input variables, the adjustment of the predictive

odel and results are given in our previous paper [41].
 Research 147 (2017) 165–173

4. PQ forecasting — support vector regression application

Support vector regression (SVR) was applied as the backbone
of the predictive model in PQPs’ values. SVR as a robust regres-
sion technique with an alternative loss function originates from
the Support Vector Machine (SVM) algorithm proposed by Vapnik
[42]. Since then it has been a very frequently applied regression
model [43,44]. The advantages of SVR lies in possible handling of
over-fitting by adjusting its penalization constant and in the ability
to apply expert knowledge by proper selection of kernel function.
The correctly applied kernel function brings a nonlinear solution
with a still very fast and effective computational effort when com-
pared to the Artificial Neural Network or Ensemble based models.
A good generalization performance of the model is supported by
a convex optimization that implies the sparseness of the solution
with the absence of local minima. The regression, in general, cre-
ates an approximation function y = f (x) that returns the value y
as the prediction of target values d according to the given dataset
G =

{
(xi, di)

}n
, where xi denotes the vector of input variables and

di represents the predicted value in all the given n observations.
We should start by pointing at the generic equation of SVR’s

estimation below (Eq. (3)) [42]:

f (x) = (w · � (x)) + b (3)

where w represents a weight vector and b is the coefficient of the
regression. (w · � (x)) is the dot production in the feature space F
and � is the kernel function that performs nonlinear mapping of
input vectors to a higher dimensional feature space. This mapping
turns the entire algorithm into nonlinear regression, even if the
regression in high-dimensional feature space can be purely linear.
The core of the algorithm is the regularized risk function that is
an objective for optimization of w and b, and its form is meant to
increase the generalization capability and prevent over-fitting of
the solution:

R (C) = C
1
n

∑n

i=1
Lε (di, yi) + 1

2
|w|2 (4)

where Lε is applied ε-intensive loss function described bellow:

Lε (f (x) , q) =
{

|f (x) − q| − ε; |f (x) − q| ≥ ε

0; otherwise
(5)

The formula |w|2/2 denotes the Euclidean norm. The minimiza-
tion of vector w increases the flatness of f (x),  which implies a higher
generalization of the solution. C is the penalization constant of the
cost function to evaluate the empirical risk. It evaluates the penalty
of the fitting error when it exceeds the radius according to the �-
intensive loss function Lε (f (x) , q), which stabilizes the estimation.
This trade-off is also able to reduce noise in the model. All the points
with non-zero value are considered as support vectors and they
are represented by slacked variables �i, �∗

i
, which transforms the

minimization problem into the following formula (Eq. (6)):

Minimize : Rreg (f ) = C
∑n

i=1

(
�i + �∗

i

)
+ 1

2
|w|2 (6)

⎧⎪⎨ qi − (w · ˚ (x)) − b ≤ ε + �i
Such constrained optimization can be solved by applying
Lagrange multipliers Ld(˛,˛*), which was also outlined by Vapnik
and Vapnik [42]. The vector w can be rewritten under this assump-
tion to the following equation:
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Table 3
Optimized parameters and their pre-defined values or ranges of values.

Parameters Value

Penalization constant (C) [1100]
Kernel function Linear (lin), polynomial (poly), radial

basis (rbf), sigmoid (sig)
Radius (ε) [0.001, 1]
Gamma  (parameter for kernel
functions, such as poly, rbf, sig)

[0.01, 100]

Table 4
Adjustment of PSO’s attributes.

Parameters Value

Number of particles 25
Number of iterations 1000
Max  position 1
Min  position 0
Velocity 0.05
Threshold 0.001

Table 5
RMSE of sample value prediction.

Parameters 1st 2nd 3rd 4th

Plt 8.83 × 10−2 1.34 × 10−1 1.46 × 10−1 1.35 × 10−1

−2 −1 −2 −2
S. Misak et al. / Electric Power S

Minimize : Ld(�, ˛∗) = −ε
∑n

i=1

(
˛i − ˛∗

i

)
+

∑n

i=1(
˛i − ˛∗

i

)
qi −

1
2

∑n

i,j=1

(
˛i − ˛∗

i

)  (
˛j − ˛∗

j

)
K

(
xi, xj

)
(8)

ubjected to :

⎧⎪⎨
⎪⎩

∑n
i=1

(
˛i − ˛∗

i

)
= 0

0 ≤ ˛i ≤ C, i = 1, . . .,  n

0 ≤ ˛∗
i

≤ C, i = 1, . . .,  n

(9)

Calculating the Lagrange multipliers, the desired weight vec-
or is, w =

∑n
i,j=1

(
˛i − ˛∗

i

)
K

(
xi, xj

)
and substituting the generic

quation, we obtain the formula below:

 (x, w) = f (x, ˛, ˛∗) =
∑l

i=1

(
˛i − ˛∗

i

)
K (xi, x) + b (10)

here n is the number of support vectors and K denotes the
reviously mentioned kernel function. The Lagrange multipliers
epresent the solution of the quadratic problem and it forces the
orecasting towards the target value. The Lagrange multipliers
btain a zero value for all the points positioned inside the �−tube
Eq. (9)). The points with non-zero values are actually more use-
ul to estimate the position of the regression line and they are
onsidered support vectors.

Modifying the penalization constant C, we can control the gen-
ralization capability of the model. In case of higher C, a higher
enalization forces the optimization to create a more specific solu-
ion with a lower generalization although a lower C value brings

ore generalization with lower specificity. In solving the value of
, we can apply the Karush–Kuhn–Tucker (KKT) conditions [45].

The user’s adjustable parameters are the kernel function, the
enalization constant C and the radius �. Some of the kernel func-
ions bring additional parameters, such as the gamma  value in case
f the radial basis function or sigmoidal function. In many studies,
hose constants are set experimentally or tuned in order to obtain
he best possible performance based on some fundamental knowl-
dge of the dataset. In our study, we applied Hyper-parameter
ptimization by Particle Swarm Optimization to find the best com-
ination of parameter adjustment. Running multiple evaluations of
he machine learning model inside the optimization required the
pplication of a computational learning model capable of a high
onvergence, which SVR certainly is.

.1. Hyper-parameter optimization by Particle Swarm
ptimization

The adjustment of the previously defined parameters was  opti-
ised by Particle Swarm Optimization (PSO) algorithm, which

ad been inspired by a study of Yassi and Moattar, where PSO is
pplied for SVM parameter estimation [46]. PSO is a bio-inspired
earch optimization approach [45]. This algorithm processes each
efined constant as a dimension of the searched space. In this space,
here are agents (particles of a swarm) randomly distributed and
heir positions are evaluated according to the performance of the

odel. Such evaluation is supported by a given fitness function. In
his experiment, each particle i was evaluated by a fitness value
omputed as the average of RMSE (Section 4.2) values from Cross-
alidation testing of the SVR model, the adjustment parameters of
hich were obtained from particle’s position vector xi.

The algorithm runs in iterations and a leader (particle with the

est position) has to be selected during each of them. Subsequently,
ll the other particles attempt to reach the leader’s position by mov-
ng over the searched space, which is driven by adjusted velocity
nd direction (towards the leader or personal optimum). The fol-
THDu 5.46 × 10 1.10 × 10 9.76 × 10 7.43 × 10
THDi 4.73 × 10−2 6.04 × 10−2 7.02 × 10−2 9.63 × 10−2

freq 4.51 × 10−2 6.06 × 10−2 7.90 × 10−2 7.38 × 10−2

lowing formulas (Eqs. (9), (10)) describe an update of the particle’s
position [45].

vi,d = ωvi,d + ϕprp
(
pi,d − xi,d

)
+ ϕgrg

(
gd − xi,d

)
(11)

xi = xi + vi,d (12)

where p denotes particle’s personal best position and g denotes the
position of the leader (global best position). The letter x represents
particle’s actual position, ϕ brings weight to the consideration of
personal or global position respectively, and ω serves as inertia for
previous velocity v.

During the defined number of iterations, particles find the
adjustment that is close to the ideal solution. Table 3 describes
the optimized parameters and their pre-defined values or value
ranges. Each dimension of the particle’s definition was  therefore
normalized between values 0 and 1, and during the evaluation of
the fitness function the proper mapping was applied according the
parameter’s value. The fitness function of the mentioned particles
was based on the testing performed by Cross-validation (CV) [46].
This process splits the data set into five smaller blocks, where each
block is subsequently split into training and testing subsets. The
performance of these five different tests was  averaged. This oper-
ation brings more stable results over the complete data set with a
decrease of over-fitting. The adjustment with the highest perfor-
mance as a winning combination was taken as the result of the
fine-tuned regression model. The hyper-parameters of PSO were
adjusted experimentally according to previous studies [47] (see
Table 4).

The final adjustments of the models differed in the predicted
PQPs and duration of the prediction. The radial basis function was
the winning kernel function in all the models and the value of radius
was mostly close to 0.1.

4.2. Testing and results
Table 5 presents the root mean square error (RMSE) [48] for each
1st, 2nd, 3rd and 4th sample value prediction into the future and for
each predicted output variable. RMSE can be simply interpreted as
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Table  6
Accuracy of the PQ disturbances prediction.

Parameters Total disturbances [#] Predicted disturbances [#] Predicted disturbances [%]

Freq (50 Hz ± 2%) 165 104.4 63.27
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THDu  (8% <) 787 

THDi  (100% <) 674 

Plt  (1<) 234 

he amount of error in variable’s prediction in its measured units. In
ur case, it is necessary to mention that all the predicted variables
s well as the input variables were normalized in the range [0,1]
ccording to Ref. [48].

MSE =
√∑n

t=1(ŷt − yt)
2

n
(13)

It can be assumed that for the 1st prediction sample value, an
ncrease in the error will be higher than in the 4th — see Table 5.

The best result was obtained in predicting all the PQ-parameters
n the 1st sample value. All of them obtained RMSE below 10−1

freq — 4.51 × 10−2, THDu — 5.46 × 10−2, THDi — 4.73 × 10−2, Plt —
.83 × 10−2), which is very satisfactory considering the fact that it
eflects the forecasting error on the entire previously normalized
raining dataset. The regression error increases when the time scale
f forecasting gets longer. This phenomenon is also logical because
ith a longer forecasted time scale, the relevancies also lowered,
hich implied the presence of a higher error rate (in forecasting the

th observation, RMSE was  almost double: freq — 7.38 × 10−2, THDu
 7.43 × 10−2, THDi — 9.63 × 10−2, Plt — 1.35 × 10−1). The values of
MSE were considered in further testing as tolerance values for PQ-
isturbance detection, which helps to increase the protection of the
ystem with an accuracy over 60 % (see Table 6).

.3. Optimization of PQ parameters using the developed
lgorithm

The forecasting model, as we can see in the previous section,
id not render a 100%-accurate prediction. This makes us apply its
veraged error as the threshold value that works as a disadvantage
gainst all the PQPs’ values. This assumption leads to a higher secu-
ity of the PQ support. The entire block diagram of ADSM, including
redictor’s integration, is introduced in Fig. 1. ADSM is responsible

or the optimization of the consumption structure. The evaluation
f the above mentioned optimization is realized in the next step and
hile the power quality parameters are within the requested lim-

ts/range, ADSM works in the next step with the same adjustments
ntil the PQ parameters are in limits.

An example of ADSM including PQPO tools for the tested experi-
ental platform of the Off-Grid system is shown in Fig. 1 and Fig. 3.

ig. 3 is a scenario of several iteration steps for a predominantly
loudy day with variable cloudiness and a variable electric power
utput from PV1 and PV2.

The energy demand controlling mechanism runs in schedule
nd each of its executions follows the simple steps below:

At the beginning the process loads the rules of appliance switch-
ing and user’s adjustments (2). These rules are transformed into
the plan of energy demand for the nearest 24 h (3). The estimated
energy consumption is computed according to this plan (see 58%
in Fig. 4).
The next step of ADSM loads the energy generation forecast (see
55% in Fig. 4) and state of the storage device — see module (4) in

Fig. 4. The percentage expression of electric energy is related to
the nominal power in the Off-Grid and individual time step. The
nominal power in the Off-Grid system was defined to 5 kW and
corresponds to the output power from SI (see Fig. 1).
530.2 67.37
481 71.36
143.8 61.45

• ADSM compares the values of the energy consumption and
energy generation (6). In our example in Fig. 4, there is a visible
deficit of energy (7%) in the first iteration.

• The next phase predicts the PQ parameters (�freq,  THDi, THDu,
Pst, Plt)  as you can see in Fig. 4 (the �freq is a percentage vari-
ation from nominal value 50 Hz). The PQPO module (7) collects
information about the actual and predicted PQ parameters.

• The PQ parameters are not in a requested interval (�freq) and
PQPO (7) returns this information to ADSM. Next, ADSM proposes
a load shift in the schedule of appliances (2) with the lowest pri-
ority (8). In our model example, ADSM proposes replacing the
washer 10 min  ahead and the optimization process starts a new
iteration.

These steps are repeated multiple times until there is a satisfac-
tory amount and quality of the energy for the optimized plan. When
the plan modification proposed by a low amount of energy replaces
the modification proposed by a low quality of energy, the process
stops and the modification proposed by the amount of energy gets
a higher priority.

In our model example, ADSM achieves the second iteration
(Fig. 4). Due to rescheduling one appliance, the energy generation
is higher than the energy consumption (23%). On the other hand,
PQPO returns information about the PQ parameters that are out of
the requested range (�freq)  within this second iteration (see the
second row in Fig. 4). This PQ parameter imbalance was caused by
unloading of the Off-Grid system. In this case, the Off-Grid system
was supplied directly from PV1 and PV2 over the inverters (by-pass
system, PVI in Fig. 1). There, PVI is loaded only to 32% (the total
output power from inverter is about 1.6 kW)  and the frequency is
over the limit (�freq = 0.1 Hz). Therefore, the third iteration must
follow (see the third row in Fig. 4).

ADSM proposes the next load shift that will reschedule the
washer 30 min  ahead. After this ADSM’s action, the energy is suf-
ficient for the Off-Grid supply within the third iteration (surplus
energy is 3%). PVI is better loaded (about 52%; the total out-
put power from inverter is about 2.6 kW)  due to the increase in
the whole consumption (washer 1.3 kW + air conditioning 1.3 kW).
PQPO returns the information about the PQ parameters, where
�freq, Pst and Plt are within the limits. However, the PQ parame-
ters THDi and THDu exceeded the requested limits. This excess was
caused by the interference of PVI and air-conditioning inverter. So,
the fourth iteration must be realized.

ADSM proposes replacing the washer 30 min  ahead (see the
fourth row in Fig. 4). The surplus of electric energy is the same as
in the third iteration. However, this time the Off-Grid system is not
directly supplied from PV1 and PV2 using PVI (when no energy from
battery bank is needed), but the Off-Grid system is supplied from
the battery supply over the Off-Grid converter — SI in Fig. 1 (the
energy from PVI only is not sufficient to cover the energy demand).
In this case, the short-circuit power is increased (doubled in com-
parison with the previous case).

The PQ parameters are in the requested limit, the optimized plan

is saved (10) and ADSM can switch the selected appliances (11), i.e.
the management process is finished.

Via the PQP optimization it is possible to ensure a safe and reli-
able operation of the entire energy platform. In Ref. [49] the authors
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Fig. 3. UML  diagram o

learly demonstrate that the power quality parameters influence
he reliability of operation. Next, the cost of poor power quality

ay  be high and this problem may  further aggravate in the future
50]. Extreme compliance of PQP is required, for instance, in hos-
ital environments with devices that maintain and monitor vital
uman functions.

Other important fields of power quality impact are as follows:
 the accuracy of movement of Computer Numeric Control
Machines vs voltage drop/frequency,

 the inception of parasitic torque of rotating machines vs fre-
quency changes and flicker severity
optimization process.

- changes in the luminous flux of luminous sources vs flicker sever-
ity,

- increasing additional losses and warming of rotating machines vs
total harmonic distortion

Table 6 summarizes the fact that the forecasting model was able
to avoid more than 60% of the PQ disturbances on our dataset. These
events were counted during CV of the PQ forecasting model and

averaged across all the CV’s executions. The results imply that PQ
parameter forecasting and subsequent PQPO are necessary. PQPO
reduces the risk of damage in appliances and also utilizes available
energy in an optimal manner.
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The computational complexity of the entire optimization algo-
ithm (Fig. 4) relies on the number of appliances contained in the
ptimized consumption plan. Most of the parts of the algorithm
ork separately and are able to provide pre-computed data (power

roduction forecast, PQ measures, and the amount of energy in
atteries). Other parts of the algorithm need some computational
ffort. The PQ forecasting based on trained SVR has a linear com-
lexity and varies only in the dimensionality of the input data and
hosen kernel function. The part of the algorithm that switches the
ppliances according to their adjusted priority further checks if the
mount of requested energy may  be fulfilled, it has a brute-force
haracter and its complexity is close to exponential. In case of a
ower number of appliances with a lower priority (<100 in average
ousehold), the entire optimization algorithm can work reasonably

ast on average computational resources.
The success-rate of our approach in avoiding the PQ distur-

ances can vary in multiple factors, which brings a multi-criteria
ptimization problem into the model. We  can define such crite-
ia from nationally defined limits (IEEE, EN, IEC, etc). On the other
and, the regression errors (residuals) may  be taken as tolerance

n fine-tuning of the final protection approach. This way, we can
djust the model to react more strictly even when it does not face

 real PQ issue, but only a potential one.

. Conclusion

This paper presents a novel approach to a PQ parameter opti-
ization as an integral part of Active Demand Side Management

n AC coupling Off-Grid systems. The values of PQ parameters may
e forecasted using artificial intelligence methods, namely support
ector regression, and kept in defined limits using this PQPO tool.

he developed PQPO algorithm is able to intelligently reschedule
he appliances used in the Off-Grid system with regard to their pri-
rity and therefore optimizes the consumption process during the
ay.
les during PQPO iterations.

In on-grid systems the short-circuit power ranges around
100 kVA and the consumption of electric energy by different users is
characteristic of certain regularity levels according to the day load
type diagrams. In such systems, even with the supply of energy
from a photovoltaic power plant, the variability of a power quality
parameter may  be predicted much easily, and the prediction suc-
cess rate ranges from 85% in a group of parameters (freq AND Pst
AND THDi OR THDu) to 95% in one selected parameter.

However, this article deals with predicting the power quality
parameters in the systems that are independent on the power
supply from the grid, the so-called Off-Grid Systems, where the
conditions differ. In such systems, we  need to consider the follow-
ing: (a) the short-circuit power is slightly higher than the Sunny
Island (SI) inverter output, (b) the value of the short-circuit power
is highly variable and depends on the operation characteristics of
the discrete sources and system configuration that changes several
times during one calculation step, i.e. several times per minute, (c)
the power quality parameters are directly influenced by the char-
acter of the different household appliances, both as for the output
profile as well as the internal connection of semiconductor compo-
nents that interact with the conversion elements (MPPT regulator,
SI). Therefore, we claim that the obtained 72% prediction success
rate is very good and sufficient to optimize the household appliance
plan.

The proposed algorithm gives a satisfactory performance in case
of few ticks ahead forecasting. The ticks represent median values of
the previous 15 min, which decreases the uncertainty and noise of
the time series. Our future work aims to create predictions for lower
time-framed data, which will bring more relevant information for
ADSM.

The major responsibility of PQPO is to avoid the upcoming PQ
disturbance. Our solution presents satisfactory performance in this

respect, which is going to be continuously refined during our future
work.
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