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Abstract: This paper concerns a fractional modeling and prediction method directly oriented toward
an industrial time series with obvious non-Gaussian features. The hidden long-range dependence and
the multifractal property are extracted to determine the fractional order. A fractional autoregressive
integrated moving average model (FARIMA) is then proposed considering innovations with stable
infinite variance. The existence and convergence of the model solutions are discussed in depth.
Ensemble learning with an autoregressive moving average model (ARMA) is used to further improve
upon accuracy and generalization. The proposed method is used to predict the energy consumption
in a real cooling system, and superior prediction results are obtained.

Keywords: ensemble FARIMA model; existence and convergence analysis; Hurst exponent; MFDFA;
energy consumption prediction

1. Introduction

The modern industrial process exhibits complex dynamic behavior due to its strong
nonlinearity, disturbance, and coupling. In general, the industrial data are non-normally
distributed. However, traditional data analysis methods usually assume that the data is
subject to a Gaussian distribution. Therefore, pre-transformation from non-Gaussian to
Gaussian should be considered, such as logarithmic transformation [1], Box-Cox transfor-
mation [2], exponential transformation, and reciprocal transformation. The normalizing
transformations inevitably remove many important hidden features from the raw data.
To avoid the loss caused by normalizing transformation, a new probability distribution is
proposed to describe non-Gaussian information directly, e.g., as a a-stable distribution, a
skewed distribution, and higher-order statistics [3,4]. An a-stable distribution can describe
a random signal with a strong spike pulse and a thick trailing feature, such as a medical
signal, an industrial process variable [5], a radar signal [6], and gene expression data [7]. It
also has applications in complex system control [8-11] and image processing [12-14]. A
a-stable distribution better captures the nature of data compared to a Gaussian distribution
in many applications [15].

An industrial time series usually does not satisfy the assumption of a Gaussian nor-
mal distribution. Due to the process complexity, it always includes many nonlinear or
non-Gaussian features, such as a heavy tail [16], self-similarity [17], and long-range depen-
dence [18]. These behaviors are classified as typical fractional order features. Therefore,
aiming at a non-normal industrial time series, data analytics directly in the frame of frac-
tional order theory is becoming an important issue.

Long-range dependence (LRD) is a typical fractional order characteristic widespread
in complex systems, such as hydrological observations [19], traffic networks [20], and
financial fields [21]. A stationary process has LRD if its autocorrelations hardly decay to
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zero even across large time scales [22,23]. LRD is evaluated by a self-similarity parameter,
the Hurst exponent [24,25]. There are many techniques used to calculate the Hurst exponent,
such as the rescaled range method (R/S), the whittle estimator method, and the absolute
value method. Likewise, fractal theory is also important for analyzing fractional order
characteristics [26,27]. It reflects the structural similarities across the whole time series,
which further affects its stationarity. The detrended fluctuation analysis method (DFA) is
popular in fractal theory [28]. It is used to evaluate the non-stationarity and long-range
dependence of time series [29]. Multifractal detrended fluctuation analysis (MFDFA) was
proposed to eliminate trends and retain the fluctuation component [30,31]. It is more
suitable for the scale characteristic analysis of time series.

LRD and fractal features describe the trends of variables and help to accurately predict
time series [5]. In fact, many prediction models have been proposed in recent decades,
such as the autoregressive integrated moving average model (ARIMA) [32], tensor product
(TP)-based model transformation [33], the self-healing neural model [34], the long short-
term memory model [35,36], and other randomized learning neural networks [37]. These
models show good performance for nonlinear systems. Many practical processes can
be described more accurately when fractional differential equations are introduced. For
example, the authors in [5] proposed a fractional stochastic configuration network to model
the nonstationary time series, and better potential prediction performance was obtained
compared with the modeling methods only for the stationary variable. The authors in [38]
analyzed the relationship between an integer order system and a fractional order system
in depth.

In this paper, a fractional autoregressive integrated moving average model (FARIMA)
is used to predict an industrial time series with obvious fractional features [39,40]. FARIMA
is an improvement over ARIMA that overcomes the excessive difference in data. Moreover,
the ensemble learning strategy is proposed to further improve prediction accuracy [41,42].
It combines the prediction results of different models through voting, averaging, and
stacking strategies. It takes advantage of different learning models and improves the
generalization of the prediction model simultaneously.

The contributions of this paper are as follows:

(1) FARIMA is proposed to forecast the industrial time series with stable infinite
variance, and the existence and convergence of model solution are also analyzed.

(2) An ensemble FARIMA is proposed to improve prediction accuracy and generaliza-
tion, and the hidden fractional features, the LRD, and the multifractal property are mined.

(3) The proposed method is applied to predict the energy consumption of a supermar-
ket cooling system, and the effectiveness and accuracy are verified.

This paper is structured as follows: Section 2 presents the FARIMA model, including
an analysis about the existence and convergence of the model solution. Section 3 presents
the framework of fractional analytics and the extraction of fractional features hidden in the
industrial process. Section 4 uses the proposed method to predict energy consumption for
an actual cooling system. Finally, Section 5 presents the conclusions.

2. The FARIMA Model

Many signals are non-stationary in industrial systems due to the uncertain disturbance.

The fractional autoregressive integrated moving average (FARIMA) model can flexibly

simulate this random process full of fraction order signals. The basic structure of FARIMA
is as follows:

®(B)(1 - B)?Y; = ©(B)Xy, M

where d € (0,1) is positive and real. Note that Equation (1) also represents an ARIMA
model with d = 0 and an ARIMA model with d = 1.

The input or innovation X; is independent and identically distributed (i.i.d.) with infinite
variance. B is the delay operator, defined by BY; = Y; 1, such that (1 — B)“ represents a
nabla fractional derivative of order d [43,44]. ®(B) and ®(B) are p order autoregression
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polynomials and g order moving average polynomials, respectively, which are defined as
®(B) =1—¢1B! — B> — -+ — ¢p,B” and O(B) = 1+ 6B + 6,B* + - - - + 6,B.
Let’s move (1 — B)? and ®(B) of formula (1) from the left to the right,
©(B)

Y = @(1 - B)X; 2)

Throughout this paper, we assume the following.

Assumption 1. The autoregression polynomials ®(B) and moving average polynomials ©(B)
have no roots in common, nor does ®(B) have roots in the closed unit disk {B : |B| < 1}.

Assumption 2. The input or innovation X; is an i.i.d. symmetric a-stable (SaS) random distribu-
tion with 0 < a < 2.

Remark 1. Assumption 1 guarantees that the coefficients of % tend exponentially towards zero
and that FARIMA time series are causal moving averages. Assumption 2 indicates the distribution
of the innovation Xy, in which 0 < a < 2 corresponds with fractional d, and « = 2 indicates a
Gaussian distribution. An explanation of a symmetric a-stable distribution is given in Section 3.2.

The linear solution of the FARIMA model, Equation (2), takes the form of a time series
as follows:

Yt = Zant,j (3)
j=0
where aj is defined as
O(B) i g
Aj(B)&2 ——2(1-B)%=Y 4B, B <1 4)
(B) £ S (1 =8 = Lol I8

The authors in [45,46] provided a solution to the FARIMA model with finite variance
innovations. They indicated that the solutions in Equations (3) and (4) converge a.s. if
and only if }; |a;|* < oo, but this condition cannot guarantee absolute convergence if
« > 1. Moreover, this condition would not allow positive values of a fractional d when
« <1, which means that only the negative values of d are admissible. The authors of [47]
considered the fact that variance does not exist (i.e., infinite variance) for SaS random
variables with 0 < & < 2, which are ubiquitous in the industrial system. They studied the
existence and convergence of a FARIMA solution under the condition of stable infinite
variance innovations.

Theorem 1 (Existence). Ifa(d — 1) < —1, then the sequence Y; given in Equations (3) and (4) is
the unique causal moving average solution of the FARIMA model, Equation (2).

Theorem 1 discusses the existence of a unique causal moving average solution to
FARIMA under the condition a(d — 1) < —1. It implies that d is negative if 2 < 1. In order
to extend the constraint for fractional d, a considerable flexibility in manipulating function
of the operation B is introduced.

Theorem 2 (Considerable Flexible Existence). Suppose {X;} is a sequence of i.i.d. SaS ran-
dom variables with 0 < a < 2. Let a;, j = 0,1,--- be a sequence of real numbers satisfying
Yjlaj|* < oco. LetAj, j=0,1,--- beasequence of real numbers satisfying

YAl <oo, ifa>1 ©
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If Yt = Z;o:() ﬂth,]‘, Ay = Z]oi[) )\]Xt,] and C(B)Xt = Z;o:() C/'Xt,]' with
cj = Zi:o Ak@j_, then

m [ee]
Jim Yo AYik =) X (6)

k=0 =0

S o]
SILIEIO Z akAt_k = . C]‘Xt,]‘ (7)

k=0 j=0

where convergence is in the LP — norm for any 0 < p < a. Moreover, the left-hand side of
Equation (6) converges absolutely a.s. for &« > 1. Moreover, when a < 1, it is an absolute a.s.
convergence under the additional condition Z;-’O |Aj|" < oo, for some 0 < r < a.

Based on Theorem 2, the moving average polynomial ©(B) can be factored into a
product of two polynominals as @(B) = ©;(B)®,(B). The FARIMA model, Equation (2),

is then rewritten as 0, (B)
-1 92

(1—B)“Xas. (8)

For any non-negative integer r, we have (1 — B)"A;(B) = A;_,(B). Comparing Equations (2)
and (8) implies (1 — B)"Y? = Y? "a.s. from Theorem 2. Therefore, any FARIMA model
(p,d,q) can be equivalent to a FARIMA model (p,d, q) with d € [—1,1 — 1]. Furthermore,
Theorem 2 verifies that SaS FARIMA is invertible if 1 < « < 2and |d| < 1 — 1, which
means the further convergence of the FARIMA solution.

Theorem 3 (Convergence). Suppose Y; = Z;-";O a;X;—j, Equation (3), where coefficient aj,
Equation (4), is the solution of the FARIMA, Equation (2). If |d| < 1 — %, then, forany 0 < p < a,

m
,,}iggoE\];)ﬁkthk—XtI” =0 9

with the coefficients Gy defined as

S

(B
B

A7Y(B) 2 (1-B)=YaB,|B| <1 (10)
j=0

<

Moreover, for |d| < 1 — %, the partial sums Y J" ¢ Y;_x converge to X; absolutely a.s.
It is noted that the proofs for Theorems 1-3 is omitted for simplification. They are
similar to those of [47], which presented the proofs in detail.
The implementation of FARIMA consists of a fractional derivative operation and
ARMA regression. Consider that a raw series {Y;} and a corresponding series {W;} are
obtained after a fractional d order derivative operation:

Wi = (1 - B)"Y; (11)

The fractional order d = H — 0.5 usually is determined by the Hurst exponent. The
binomial term (1 — B) represents the fractional nabla derivative,

_i v (=4)
(1-B¥=T dk;)TkBk (12)

where T is the sampling interval, and (—d) is the Pochhammer representation of the rising
factorial, such that (—d)o = 1 and (—d); = [1¥-3(—d + i). Define f(k) £ T’d% for
known order d. Equation (11) is then expressed as
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W, = <§f(k)3k>yt

k=0 (13)
= fOYi+f()Yio1+ f(2)Yea+ -+ f(K) Vg + - -
Assume Y; =0 forallt € (—oo, 0} without a loss of generality
whent=0,Yy =0, W, =0;
whent =1, W; = f(0)Y1 + f(1)Yy = f(0)Yy;
whent =2, W, = f(0)Ya + f(1)Yy;
whent =3, W; = f(0)Y3+ f(1)Ya+ f(2)Yy;
whent =N, Wy = f(O)YN +f(1)YN—1 +f(2)YN—2 + - +f(N)Y1.
Formula (11) is then rewritten as matrices:
W=YTF (14)

where W=[W; W, -~ Wy |,Y=[Y; Y, --- Yy ]and

fO) fW) f2 f3) - f(N-T)

Once the fractional series {W;} is calculated from Equation (14), the ARMA model is
directly performed on it. The ARMA parameters p, g are determined by the autocorrelation
function (ACF) and partial autocorrelation function (PACF). The Akaike information crite-
rion (AIC) is used to evaluate the accuracy of p and q [48]. The residual is then calculated
and tested by white Gaussian noise in order to verify the fitness of the ARMA model.

The ARMA model accurately captures the system features only when the process data
are stationary and follow a Gaussian distribution. However, these conditions have not been
met in a real industrial signal, so a fractional derivative is first adopted to eliminate the
non-stationary characteristics. In general, a fractional derivative can more delicately depict
the key features hidden in an industrial time series than an integer difference.

3. Fractional Analytics for Industrial Data
3.1. General Framework

Reliable and comprehensive analytics for industrial data can greatly improve process
production. An actual industrial process is inevitably accompanied by all kinds of distur-
bances and random events, such as power outages and system failures. These factors lead
to typical fractional characteristics in time series, such as power laws, trends, self-similarity,
and long-range dependence.

Here, a methodology used to analyze time series with fractional properties is shown
in Figure 1. The data features, including the LRD and self-similarity, are first extracted
using the Hurst exponent and fractal theory. If they exhibit an obvious fractional behavior,
FARIMA modeling and prediction should be completed under the frame of fractional
analytics. However, if the data fits into a normal distribution, traditional analysis methods
and forecasting models should be developed.
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Data feature mining: a-stable distribution,
long-range dependency and multifraction

Fractional order feature?

Fractional ARIMA

. traditional ARMA
and its convergence

Figure 1. Industrial data analytics procedure.

3.2. Fractional Feature Extraction

Here, we introduce several mathematic techniques to extract the fractional feature
hidden in the time series.

«-stable distribution Traditional data processing assumes that the data fit as a Gaus-
sian distribution due to its ease of analysis. Many methods can transform non-Gaussian
data into a Gaussian distribution. However, the problem is that the process information
carried by the raw data may be lost in the transformation. Therefore, it is important to
analyze raw non-Gaussian information in data analysis. For this reason, an a-stable distri-
bution can be employed to describe non-Gaussian signals. The characteristic function of an
a-stable distribution is given as follows:

() = exp{jot — y|t|*[1 + jBsign(t)w(t,a)]} (15)
where0 <a <2,-1<<1,9>0,and
, 1, ift>0
ar 7
wlta) :{ o i NUTY sign(t)=4 0, ift=0
7108, A= 1, ift<0

The shape of an a-stable distribution depends on four parameters: «, ,, 6. « repre-
sents the tail features of the distribution with high relevance when 0 < & < 2. When a = 2,
an a-stable distribution is equal to a Gaussian distribution. § is the coefficient of skewness.
B = 0 means that the distribution is symmetric. -1 < 8 < 0and 0 < g < 1imply that the
distribution is left-skewed or right-skewed, respectively. 7 is the scale coefficient, which
is similar to the variance of the Gaussian. The data are dispersed when 7 is large. ¢ is
the location parameter. It is the median if 0 < & < 1 or the averageif 1 < a < 2, fora
symmetric distribution (i.e., § = 0).

The existence of order statistics moments in a distribution is important for parameter
estimation. The sufficient and necessary conditions for the existence of moments of an «-
stable distribution are given in [49,50]. The location parameter ¢ and scale parameter v have
no influence on the existence of moments, and the influence of the skewness parameter f3 is
almost negligible compared with the tail parameter «. Based on the existence conditions,
all parameters of an a-stable distribution can be estimated. The density function is firstly
calculated according to the characteristic function (1) by fast Fourier transform or integral
transform. The parameter estimation problem is then transformed into error minimization
between the density function and the probability density function of raw data.
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LRD and Hurst exponent An LRD is a typical non-Gaussian behavior always ac-
companying the industrial processes. It denotes the autocorrelation of time series and is
important for trend forecasts. The Hurst exponent is a measurement of how the range of
fluctuations in a time series varies with the time span. It is a common tool for analyzing
LRD features. The definition of the Hurst exponent are interpreted in the time domain and
the frequency domain. Here, we use its definition in the time domain:

R(n)
S(n)

Ele e = Cn (16)
where E is the mean value, R is the range, S is the standard deviation, C is the constant,
H is the Hurst exponent, and H € (0,1). Specifically, if H > 0.5, the change trend of the
process variable is the same as it was in the past; if H < 0.5, the trend is opposite to what it
was in the past. If H = 0.5, the process variable is a random walk, which means that the
change in the future has no relation to the past.

The calculation of the Hurst exponent is achieved by the rescaled range method
(R/S) [51,52]. Consider the time series {X;},t = 1,---, N. First, it is equally divided it
into m subsequences and is denoted as D,;, a =1, - - - , m. The length of each subsequence
D, is n (m = N/n is an integer). For each subsequence D, and its samples X]-,a € D,,
j=1,---,n,its mean value X,, cumulative deviation era, standard deviation S,, and range
R, are calculated.

Ya = % 2;121 Xj,u
Yj,a = 217‘1:1 (Xj,u - Y{1)
(17)
— 2
Sa = \/ i 1 (X0 = Xe)
R, = maxj<j<y era — minlgjgn era

The rescaled range (R/S), of subsequence D, and its mean value at the given subse-
quence length 7 are
(R/S)a = Ra/Sa
(R/S)n = (1/m) 5L1(R/S)a

Let the length 1 of subsequence increase from 2 untiln = N /2 and calculate all (R/S),
foralln =2,---,N/2. Consider the following form F(t) = (R/S), = Ct, where C is a
constant and H is the Hurst exponent. Taking the logarithm on it, we have

(18)

log F(1) =logC+ Hlog T (19)

The least square method is used to obtain the regression equation, Equation (19), and
the Hurst exponent H.

Multifractal analysis Self-similarity is a property maintained when scaling in time or
space. Due to the homogeneous nature of continuous process products, self-similarity is
widely found in the industrial process. Fractal theory usually describes the self-similarity of
time series, and the fractal dimension is a measurement of fractal complexity to evaluate the
validity of space occupied and the irregularity. The quantitative index for fractal dimension
is given as follows:

_ InK
" InL
where L is the magnification factor of the geometry object, K is the total number of self-
similar objects needed to form a complex one, and D is the fractal dimension. There are
many methods used to calculate the fractal dimension and are applied in many fields.
A central method, multifractal detrended fluctuation analysis (MFDFA), is often used to

(20)
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F%(v,s)

characterize the variability and uncertainty for time series [53,54]. MFDFA accurately
estimates the fractal characteristics of unstable data, so it has been successfully used in
many fields.

For time series {X;}, its cumulative deviation is

i ),t=1,23,--- ,N (21)

where X is the mean value of raw time series. The sequence is divided into isometric
intervals of length s, and the number N; of subinterval v can be expressed as Ny = int(%) ,
where int is rounded down. N is not necessarily divisible by s in practice, and some tail data
may thrown away. Therefore, we start from the tail of the sequence and divide it forward
again in order to ensure the integrity of the information and obtain the 2N, subinterval.

The least square method is adopted to fit the polynomial with order k for each subin-
tervalv (v =1,2,- - ,2N;), and the local trend function is obtained,

Yo(j) = ap + aj + agf* + -+ - + agj* (22)

where ay, is the coefficient of the polynomial, and k is the highest coefficient of the polynomial.
The trend is eliminated by calculating the mean variance F?(v,s):

S
s LY (0 =1)s +j) = Yo(j))?, ifv=1,2---,N;
5 (23)
LYy (Y(N=(v—Ns)s+j)—Yo(j))? ifv=Ns+1,N;+2,--,2N;
j=1
The g order detrended fluctuation function of the sequence is calculated:
1 & 2( /2 o
C]
Fy(s) = <2NSZ,EF v,5) ) (24)
The specific detrended fluctuation function at g = 0,2 is
Fy(s) = exp(4N y 2N In(F (v,s))), forq=0;
12N, 1/2 @)
Bi) = (g INFes) ", forqg=2

where F(s) is a normal detrended fluctuation function by taking the square root.

Itis noted that F;(s) is a function of data length s and fractal order g. As s increases, the
function F;(s) exhibits an increasing power-law relationship, i.e., F;(s) o« s™1. Here, Hy is
the Hurst exponent. The power-law relationship of F;(s) is usually written as F,(s) = As™.
Taking the logarithmic operation on it, we have

lg Fy(s) = Hylgs +1g A (26)

where the slope Hy is the generalized Hurst exponent. g is the order that affects the
fluctuation function F(v,s). It is important to notice that the sequence has a multifractal
property when H, changes with fractal order g. On the other hand, the sequence is
monofractal when the slope does not change with 4. The slope degree determines the size
of the fractal; in other words, the fractal characteristic is more obvious when the slope
changes sharply.

4. Study Case

The cooling system plays an important role in modern industry and everyday life.
Figure 2 shows the structure of the cooling system of a supermarket [5,36]. Initially, the
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high-pressure liquid water is decompressed and evaporated into gas by the evaporator.
Heat is absorbed to freeze goods in the refrigerator. Next, the low pressure gas from
the evaporator is pressurized by the compressor. The high pressure gas is then liquefied
into liquid water through the condenser machine. The liquid water is again used for
evaporation. This whole process consumes a great amount of power and is accompanied by
many complex behaviors, which are difficult to model only by traditional analysis methods.
This paper takes the energy consumption of a supermarket cooling system as an example
to analyze complex systems from the perspective of fractional order thinking. Figure 3
shows the raw data of the global dew point (the temperature at which steam condenses),
the indoor temperature, the suction capacity (an index of the compressor), and compressor
load, which were collected from March to October.

Liquid water

Freezerl Freezer2 Freezer3

Freezer4d  Freezerb

C 1] [

—— High-temperature steam
(_Condenser [«

Figure 2. The structure of a supermarket cooling system.

4.1. Fractional Feature Extraction

Figure 3 shows four raw measurements from the supermarket cooling system, includ-
ing the global dew point temperature, the indoor temperature, the suction capacity, and
the compressor load from 1 March to 31 October 2018. It is clear that they vary dynamically.
The compressor load in particular shows a marked increase from June to September. This
is obviously the electricity consumed for cooling throughout the summer. The probability
density function (PDF) was used to analyze them, as shown in Figure 4. The blue bar
displays the histogram distribution, and the red and green lines are the fitting Gaussian
distribution and the a-stable distribution, respectively. The a-stable distribution is closer to
the real histogram than the Gaussian distribution. The parameters of the a-stable distribu-
tion are given in Table 1, in which no « values are equal to 2. Four variables do not obey a
Gaussian distribution.

65 76
"
" ol “‘ \"‘ \\Hl\/\ N

|
| |
i | m
W'» \\ T I,"‘\‘vﬂ‘ u‘w ,‘

60\\\ 74 i ‘ et b L e e
YT AP e el Y L e
72 i \“ “ ~ | | [ f“‘\

\ I
& 55l ; \\‘\‘(»,”“ 1
| i

50 ‘ i 7o I
‘ |
45 68—
03/01/201804/01  05/01  06/01 07/01 08/01 09/01 10/01 03/01/201804/01  05/01  06/01 07/01 08/01 09/01 10/01
Month Month
(a) Global dew point temperature (b) Indoor temperature
100 40
D 50 el g2 w WWWMWMWW%
0 0
03/01/201804/01 05/01 06/01 07/01 08/01 09/01 10/01 03/01/201804/01  05/01 06/01 07/01 08/01 09/01  10/01
Month Month
(c) Suction capacity (d) Compressor load

Figure 3. Raw measurments of four key variables.

To analyze the variable tendency, Figure 5 shows the autocorrelation function (ACF).
The LRD is more obvious if the ACF decays more slowly. The four ACFs all show more
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or less a decline with the increase in lag. This means that the four variables have a certain
LRD feature. According to Table 1, the global dew point temperature has the highest
Hurst exponent and the slowest ACF decline. On the contrary, the suction capacity has the
smallest Hurst exponent and the biggest ACF decline in initial lag. Its ACF therefore does
not change dramatically. Suction capacity is directly related to the cooling temperature.
If the cooling temperature is kept constant, the suction capacity of the compressor must
remain constant. To guarantee a constant cooling temperature, the compressor load must

be increased when the summer is coming,.

8000
MEData
. 6000 | —Gaussian distribution
g —a-stable distribution
£4000
S
z
2000
0 I
20 30 40 50 60 70
Variable value
(a) Global dew point temperature
10,000 WData
" —Gaussian distribution
2 —a-stable distribution
g 5000
z

20 30 40 50 60 70 80 90
Variable value

(c) Suction capacity

Figure 4. PDF fitting of the raw data.

0.8
% 0.6
°©
5 0.4
£ 02
0 !
20

-0.2
0

ation

I

C

Aut

5 10 15
Lag

(a) Global dew point temperature

i

Lag

on

(¢) Suction capacity

Figure 5. ACF of the variables.

4000
ElData
53 000 " |—Gaussian distribution
Q —a-stable distribution
gZ 000

z
1000

68 69 70 7 72 73 74 75 76
Variable value

(b) Indoor temperature

4000
MEData
. 3000 —Gaussian distribution
o —a-stable distribution

0 5 10 15 20 25 30 35 40
Variable value

(d) Compressor load

I

Lag

Autocorrelation

(b) Indoor temperature

A

-0.2

Autocorrelation
o o o o

Lag

(d) Compressor load

Table 1. Parameters of the a-stable distribution and the Hurst exponent.

Variable o B 0% J Hurst

Global dew point temp. 1.6845 1 2.1572 56.0584 0.9199
Indoor temperature 1.7927 -1 0.7185 72.5350 0.9342
Suction capacity 1.4950 0.1196 1.0821 50.7036 0.8126
Compressor load 1.9798 1 1.7060 16.3246 0.9798
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Once the significant LRD feature was found based on the ACF and the a-stable
distribution fitting, the R/S method and the MFDFA method were employed to analyze
the hidden fractional features further. Figure 6 shows the corresponding R/S plot, whose
slope is the Hurst exponent given in Table 1. The Hurst exponents are all greater than 0.5,
indicating that the change trends in the future are the same as they were in the past.
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Figure 6. R/S plot.

Figure 7 shows the F; function obtained by MFDFA. It shows a different slope under
a different order g. This slope is also used to calculate the Hurst exponent. The detailed
indices under different scaling are shown in Table 2. MFDFA shows that the four variables
have multifractal characteristics and that the Hurst exponents change with a different order
g. The global dew point temperature has the highest AH, and suction capacity has the
lowest AH. This indicates that the global dew point temperature is easy to change and that
suction capacity is relatively stable. Comparing the raw data in Figure 3, it is found that
the result is consistent with the real measurements.
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Figure 7. Scaling function Fq.
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Table 2. Indices obtained by the MFDFA method.

Variable qg=1 q=3 q=>5 q=7 AH
Global dew point temp. 0.6896 0.5021 0.3271 0.2599 0.4297
Indoor temperature 0.7265 0.5582 0.5044 0.4741 0.2524
Suction capacity 0.2791 0.1913 0.2298 0.2697 0.0878
Compressor load 0.5902 0.4783 0.3970 0.3208 0.2694

4.2. Energy Prediction Analysis

From the above analysis, the process variables of the cooling system have significant
LRD and fractal features, and they do not obey a Gaussian distribution. Therefore, fractional
thinking was integrated into the prediction model to predict the energy consumption, which
is denoted by the compressor load. The data of April was used for training, and the data of
May was employed for testing.

Figure 8 shows the time series after the fractional derivative operation with (a) frac-
tional d = 0.4 and (b) integer d = 1. The time series after the integer derivative is obviously
stationary, and the trend feature is eliminated. On the contrary, the time series after the
fractional derivative smooths the original data but retains its trend.
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—0.4 order difference 2
qJzo . “ | (}‘ .!3 ,t Yo ‘ *
E bl 1§l v E |
2154 1l M ‘ M‘Bv 1L%M.WW% fin =
g | | P A LTRRY >_
10l 'R 4
“4
04/051/2018 04/06 04/11 04/16 04/21 04/26 04/30 04;0631/2018 04/06 04/11 04/16 04/21 04/26 04/30
Day Day
(@a)d=04 (b)da=1

Figure 8. Time series after the fractional derivative operation.

Figure 9 shows the testing results under three different models, ARMA, ARIMA, and
FARIMA. The parameters pairs (d, p, q) for the three models are (0,15, 6), (1,10,10), and
(0.4,15,3), respectively. These parameters were obtained by minimizing the root mean
square error (RMSE) of the training date. As shown in Figure 9, the prediction value can fit
the actual value well in the three models. However, the fitting accuracy of the FARIMA
model is significantly higher than the other two models by comparing the root mean square
error (RMSE) index, according to Table 3.

Figure 10 shows the testing results of (a) ARMA, (b) ARIMA, and (c) FARIMA. The
prediction of the ARIMA model is poorer than the others because the model cannot learn
the trend eliminated by the integer delay sampling, as shown in Figure 10. On the contrary,
the FARIMA model achieves an accurate prediction result, as shown in Figure 10. An
evaluation index comparison for training and testing is given in Table 3, including root
mean square error (RMSE) and mean absolute error (MAE). The RMSE and MAE of
FARIMA are far smaller than those of ARIMA. Its prediction mean value is very close to
the actual mean value of 13.9043. Therefore, considering the training and testing results
comprehensively, the FARIMA model simulates the stochastic system when the time series
shows typical fractional features.

An ensemble learning strategy was adopted to further improve the accuracy of pre-
diction. Here, ARMA and FARIMA were selected as the basic models because they can
well predict energy consumption according to the above analysis. The final prediction is
a combination by weight average. Figure 10d is the result of the ensemble model, which
achieves a better performance when predicting the actual energy consumption in May. The
accuracy of the ensemble model is higher than that of the other three single models.
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Table 3. Model performance evaluation
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Training Testing

Model RMSE MAE RMSE Max Error Predict Mean
ARMA 1.1035 1.5613 2.0244 7.6000 14.6497
ARIMA 2.0942 13.7962 17.3131 24.6000 9.9240
FARIMA 0.3591 1.5497 2.0372 8.0000 14.6479
ARMA+FARIMA — 1.5301 1.9980 7.8000 14.6488

5. Conclusions

This paper presents fractional analytics for a time series in a real industrial system.
Several fractional features, such as the LRD, self-similiarity, and the multifractal property,
are analyzed using the Hurst exponent and fractal theory. An ensemble FARIMA model
is then proposed to predict the energy consumption of a supermarket cooling system.
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Variables, including the suction capacity, the indoor temperature, the global dew point
temperature, and the compressor load, were selected to find the trend and LRD features.
Based on the PDF fitting results, an a-stable distribution is a better representation than a
Gaussian distribution. All Hurst exponents are higher than 0.5, and the MFDFA methods
also indicate a significant fractional feature. The prediction results of the three regression
models, ARMA, ARIMA, and FARIMA, were evaluated. The FARIMA model performs well
for a time series with typical fractional behavior. For a complex industrial process, fractional
analytics is effective in mining the useful information hidden in the process variables.
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