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ABSTRACT With the further reform and development of the electricity retail market in China, the premium
power value-added service (PPVS) product is becoming increasingly demanded by high-tech customers.
However, the problem of PPVS demand-level matching has not been well studied. How to build an optimal
matching and decision-making model which can improve both customers’ and electricity retail companies’
satisfaction degree is an urgent issue. Thus, this paper proposes a decision-making method for PPVS products
with multi-index expectation based on two-sided matching. Firstly, a multi-index evaluation system is
established from the perspective of customers and electricity retail companies. Secondly, the loss and gain
matrices of customers and electricity retail companies are constructed, considering the difference between
the expected level (EL) and the actual level (AL) of the evaluation indices. Thirdly, perceived utility (PU)
of both customers and electricity retail companies are described with the introduction of elation function
and disappointment function, due to different perceptions concerning the matching results under both sides’
evaluation indices. Fourthly, a multi-objective two-sided matching optimization model that aims to maximize
the PU of both sides is developed. Finally, an empirical analysis is conducted on three large high-tech
electronic-based customers in an industrial park in western Guangdong for demonstrating the effectiveness
and rationality of the proposed method.

INDEX TERMS Premium power value-added service, evaluation index, multi-objective optimization,
perceived utility, two-sided matching.

NOMENCLATURE AAF  average affected frequency
ACRONYMS CCD  customer cognition degree
VSS voltage sag severity

AVSF average voltage sag frequency
PU perceived utility

PPVS  premium power value-added service
UPS  uninterruptible power supply

DVR  dynamic voltage restorer

SVC  static VAR compensator EL expected level
NPV net present value AL actual level
PSL premium power value-added service level

IR %nvestment risk. SYMBOLS

1IE investment environment

. . m  total number of customers
PQS power quality severity

n  total number of products

! number of customer evaluation indices
t  ordinal number of company indices
approving it for publication was Zhigang Liu . i ordinal number of customers
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ordinal number of products
deviation degree
comprehensive perceived utility matrix
expected level

actual level

G loss and gain matrix
customer set

product set

weight

disappointment parameter
elation parameter
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I. INTRODUCTION

The report of the 19th National Congress of the Chinese Com-
munist Party pointed out that the main social contradictions in
China have been transformed into the contradiction between
people’s growing demands for a better life and the unbalanced
and inadequate development of the country. With the trans-
formation of the main social contradictions, the development
contradiction of Chinese power system has also changed from
the lack of power to the insufficient development of power
grid and the imbalance of power quality supply and demand.
Especially in the era when a large number of new high-tech
equipment such as power electronics and microelectronics,
are connected to the power grid, customers are eager to obtain
better power quality [1], [2]. How to improve the power qual-
ity levels while maximizing customers’ satisfaction degree is
an urgent scientific issue.

The release of No.9 document marks the opening of the
electricity retail side [3]. Then, various electricity retail com-
panies spring up. Customers and electricity retail compa-
nies have the right to choose products and trading partners
freely, and PPVS products have become the common concern
[4], [5]. PPVS products refer to the products integrating
premium power supply and service that can improve cus-
tomers’ power quality levels. Custom power technologies,
such as uninterruptible power supply (UPS), dynamic voltage
restorer (DVR), static VAR compensator (SVC), are often
used. As an inevitable product under the background of the
opening of the electricity retail side, on one hand, PPVS
products can improve power quality levels to meet customers’
demands. On the other hand, PPVS products can enhance the
benefits and image of electricity retail companies. Therefore,
it is of great theoretical and practical significance to study
the matching problem of customers’ PPVS demands and the
PPVS levels brought by the products, as well as the decision-
making method for PPVS products.

To the authors’ best knowledge, existing methods asso-
ciated with premium power investment decision-making
mainly focus on net present value (NPV), payback period,
internal rate of return, etc., or the optimal combination of the
above methods [6]—[8], which are simple and straightforward.
What’s more, [9] proposed a premium power decision-
making method based on the preference ranking of ben-
efit and NPV. However, all the above methods just took
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costs and benefits into account, while ignoring the multi-
dimensional characteristics when customers evaluate prod-
ucts, and electricity retail companies evaluate customers.
Further, a more advanced decision-making model of
two-sided matching of customers’ PPVS demands and PPVS
levels was proposed in [10], but only customers’ NPV
and electricity retail company’s benefit were considered.
Actually, since 1962, two-sided matching decision-making
problem has been proposed and widely discussed [11]. For
example, Z. Zhang et al. proposed an approach about sta-
ble two-sided matching decision-making with incomplete
fuzzy preference relations by considering the disappointment
and elation of matching objects [12]. As matching objects
usually show different self-confidence levels over different
pairwise comparisons, two-sided matching decision-making
approach based on fuzzy preference relations with self-
confidence was investigated in [13]. In order to consider
different linguistic assessments with uncertainty and flexible
criteria weight information, a two-sided matching decision-
making with multi-granular hesitant fuzzy linguistic term
sets and incomplete criteria weight information was devel-
oped in [14]. Although two-sided matching decision-making
problems have been extensively applied to marriage match-
ing [15], [16], person-job matching [17], [18], knowledge
service matching [19], [20], etc., the two-sided matching
problem in PPVS product decision-making has not been
fully investigated. Considering that the uncertainty usually
exists when customers and electricity retail companies make
a decision, not only real numbers, but also interval numbers,
linguistic variables, and fuzzy sets can be used to characterize
the evaluation indices. Thus, considering multiple evaluation
indices with different physical attributes, this paper proposes
a decision-making model based on two-sided matching of
customers’ PPVS demands and the PPVS levels brought by
the products.

What’s more, the PPVS product investment decision-
making is actually a comprehensive reflection of both cus-
tomers’ and electricity retail companies’ satisfaction degree.
The decision-making results may not be accurate when only
considering one side’s satisfaction degree. Reference [21]
shows that multi-objective optimization model can coor-
dinate multiple different scheduling objectives from the
perspective of economy, environment and users. In [22],
a multi-objective model from the points of economy and
environmental benefits is constructed, and different benefit
subjects are considered in [23]. Thus, in this paper, a multi-
objective optimization model is adopted and constructed by
incorporating the maximum satisfaction degree of both cus-
tomers and electricity retail companies under multiple evalu-
ation indices.

In total, the matching problem of customers’ PPVS
demands, and the PPVS levels brought by the products
depends on both sides’ satisfaction degree, which are related
to the psychological perceptions of elation or disappoint-
ment concerning the potential matching results. In other
words, if the AL of a certain evaluation index concerning the
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matching result is better than the EL, the customer or electric-
ity retail company will experience elation. Conversely, if the
AL of a certain evaluation index concerning the matching
result is inferior to the EL, a psychological sense of disap-
pointment will be perceived. Therefore, in order to improve
the satisfaction degree of customers and electricity retail
companies, it is necessary to effectively describe the psycho-
logical perception of both sides, and then put forward the
corresponding multi-index two-sided matching model.

Based on the above analysis, a decision-making method for
PPVS product is proposed in this paper. The basic idea of this
method is to first establish a multi-index evaluation system
from the perspective of the customers and the electricity retail
companies, and then construct a two-sided matching opti-
mization model. Customers’ and electricity retail companies’
psychological perceptions of elation and disappointment are
effectively characterized into the proposed model in this
paper. The main contributions of this work are as follows.

o Qualitative and quantitative evaluation indices with dif-
ferent physical attributes are properly formulated and
incorporated into an index system from the perspective
of both customers and electricity retail companies.

o A two-sided matching of customers’ PPVS demands
and the PPVS levels brought by the products is fully
investigated.

o Comprehensive PU matrix is constructed with the con-
sideration of the deviation degree from the AL to the EL
of the evaluation indices, as well as the perceived ela-
tion and disappointment of the customers and electricity
retail companies, and then an optimization model that
aims to maximize both sides’ PU is constructed.

The remainder of the paper is organized as follows.
Section II describes the two-sided matching problem sce-
nario. Section III constructs the multi-index evaluation sys-
tem from both customers’ and electricity retail companies’
point of view. In Section IV, the loss and gain matrices
are constructed, with the comparison and deviation degree
calculation between the evaluation index’s EL and AL.
In Section V, based on disappointment theory, customers’ and
electricity retail companies’ PU are fully described. Further,
in Section VI, a multi-objective two-sided matching opti-
mization model is constructed, considering the maximiza-
tion of both sides’ PU. Section VII presents an empirical
analysis including three large high-tech electronic-based cus-
tomers in an industrial park in western Guangdong in China.
In Section VIII, merits and limitations of the proposed PPVS
product decision-making method are discussed. Finally, con-
clusions are drawn in Section IX.

Il. SCENARIO DESCRIPTION

A two-sided matching problem of customers’ PPVS demands
and the PPVS levels brought by the products with index
expectation will be proposed in this paper. Suppose the cus-
tomer set is C = {Cy, Ca, ..., C;,...Cy}, where, C; rep-
resents the i-th customer, and i € M = {1,2,...,m}.
The set of PPVS products provided by the electricity retail
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company is E = {Ey, E, ..., Ej,...E,}, where, E; repre-
sents the j-th PPVS product, and j € N = {1,2,...,n}.
In order to simplify clarification, this paper only considers
one electricity retail company providing various PPVS prod-
ucts. In practice, there may be more than one electricity retail
companies, but the decision-making matching method is the
same. The index system for customers to evaluate PPVS
products is set as I€ = {IC, I2C, R IZC, . ,Ikc}, where, IIC
is the [-th index that the customer is concerned about, and
l €e K ={1,2,...,k}. Similarly, the index system for the
electricity retail company to evaluate customers is set as I£ =

[IIE, E .. IE ,If} , where, I is the ¢-th index that
the company is concerned about, and ¢t € G = {1,2, ..., g}.
ot = [a)lc,wzc, ...,wlc, ...,a)kc] is the weight vector of

k
1€, where, a)lc is the weight of index IC, and 3 a)lc = 1.
=1

£ ] is the weight vector of

E E E E
" = [wl,w2,~--

’wt’...’a)g

g
I, where, of is the weight of index IF, and 3" of = 1.
t=1
Supposing Pﬁ = (pf, hf) is the expected vector of IZC for

customer C;, in which, pf is the EL, and hf is the lowest
accepted level. Similarly, 131’. = ([7]’

of IE for Ej, in which, 13]’. is the EL, and iz]’ is the lowest

accepted level. R¢ = [r.C] is the AL matrix of I* for
it lmxg

customers C, where rlf is the AL of ItE for customer C;,

ieM e GRE = [/F] s the AL matrix of I¢
I dnxk

, izj’) is the expected vector

for products E, where rﬁ is the AL of IIC for product Ej,
j € N,1 € K. It should be noted that as the evaluation
indices’ ELs are based on the survey results of the customers’
actual power quality situations, and expectations, the values
of the evaluation indices’ ELs are set by the customers and
the electricity retail company. That is, the ELs and ALs of
the evaluation indices are customer-specific, and company-
specific, which can be obtained through actual survey.

Considering the differences of the evaluation indices’
physical attributes, real numbers, interval numbers, linguistic
variables and intuitionistic fuzzy numbers are utilized in this
paper. In fact, the indices can also be expressed in other ways,
but the PPVS products decision-making method is the same.

It is assumed that I€Y, 1€2, €3, and I€* are the sub-
sets of IC, representing the real numbers subset, interval
numbers subset, linguistic variables subset, and intuitionistic
fuzzy numbers subset, respectively. The above subsets are
expressed as follows.

1V ={1f 05, I} K ={1.2,- ki)
Cc2 C C C
199 = {1 Do I )

{
Ky = {k1+1,k1+2,~-- ,kz}
1 = {Ikcz+1’1kcz+2"" Ikcz}
K3 = {k2+1,k2+2,~~ ,k3}
1 = {Ikca+1vllg+2v"' Ikc4}
{

Ky ={ks+1,ks+2,- ks}
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I€1, 1€2 13 and 14 satisfy 1€ U TC2 U I3 U TCH =

= JCost | [Penefit where, 1°°" represents the cost-type
index subset of €, and 1°¢"¢f" is the benefit-type index subset
of I€.

Similarly, 71, 182, [E3 and I¥* are the subsets of I%,
representing the real numbers subset, interval numbers sub-
set, linguistic variables subset, and intuitionistic fuzzy num-
bers subset, respectively. The above subsets are expressed as
follows.

IC

IElZ{IlEvlea"'5I£}v G1={1927”'7g1}
E2 _ |E E E

/= {Igl+1’lgl+2’ ’Igz} ’
G={ga1+1,g+2,-,8]}

E3 __ E E E

== {Ig2+1’lgz+2"” ’Ig3}’

G3={g2+1’g2+2"" ’g3}

E4 _ |4E E  JE
= {Ig3+1’lg3+2’ ’184}’

Gy={g3+1,g3+2,---,84}

TEY T2 [E3 and IF4 satisfy IF1 U I1E2 U 1E3 U B4 =
JE = [Ecost y [Ebenefit \here, JECOS! represents the cost-
type index subset of /£, and IEPn¢fi is the benefit-type index
subset of IF.

Based on the customers’ and electricity retail company’s
evaluation indices’ expected vector Pf and f’;, AL matrix R¢
and RE, weight vector w® and o, aiming at the two-sided
matching problem of the customers’ PPVS demands and the
PPVS levels brought by the products, both sides’ PU con-
cerning potential matching results are characterized. Then,
the final matching results can be obtained by reasonable and
effective decision-making analysis method.

Ill. MULTI-INDEX SYSTEM CONSTRUCTION

At first, from the perspective of customers, the index system
for evaluating PPVS products is constructed, including NPV,
premium power value-added service level (PSL), investment
risk (IR), and investment environment (IE). Then, from the
perspective of electricity retail company, the index system for
evaluating customers is constructed, including power quality
severity (PQS), benefit, average affected frequency (AAF),
and customer cognition degree (CCD). Based on each index’s
attribute, the indices are expressed by real numbers, interval
numbers, linguistic variables and intuitionistic fuzzy num-
bers, respectively.

A. CUSTOMER EVALUATION INDEX SYSTEM
(1) net present value (NPV)

When customers make an investment in the PPVS prod-
ucts, NPV refers to the difference between the present value
of future cash inflow and the initial investment cost [6], which
can be calculated by (1). Larger NPV implies greater benefits
of investing in the PPV products, and the customers are more
willing to make an investment.

U
t
NV =D Ty 2 W
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where, T is the life cycle of the PPVS products. I; is the net
cash inflow for the ¢-th year. p; is the discount rate, and Z is
the initial investment cost, including product purchase cost,
installation cost, service cost, and so on.

(2) premium power value-added service level (PSL)

The improvement degree of power quality depends on the
PSL brought by the PPVS products. PSL is divided into three
levels, expressed by (2). The higher the PSL is, the greater
the improvement degree of power quality is. Then, customers
would like to make more investment in the PPVS products.

PSL = {A|AA|AAA} (2)

where, A is for normal level, the term AA is for medium level,
and AAA is for premium level.

(3) investment risk (IR)

IR refers to the possibility that customers may suffer profit
loss or even capital loss due to policy changes, management
errors or any other reasons when customers invest in the
PPVS products. Smaller IR indicates greater profits brought
to the customers. In this case, the customers’ willingness to
pay are stronger. In general, IR is uncertain, but an upper and
lower limit value of IR is easy to be obtained. That is, IR can
be expressed by an interval number. Based on [24], [25], IR
can be represented by

IR = [IRiow, IRnign] (3

where IR)ow and IRpigh are the lower limit value and the upper
limit value, respectively.

(4) investment environment (IE)

IE refers to various surrounding conditions accompanying
the whole products investment process, including natural,
social, economical, political, legal elements, etc. With the
improvement of the IE, the PPVS products are more worthy of
customers’ investment, and more benefits will be brought to
the customers. IE cannot be fully controlled by the customers,
and most of the time, only the good or bad degree that the
IE belongs to is known. Therefore, intuitionistic fuzzy sets
proposed by Atanassov in Bulgarian [26] are introduced to
characterize IE, which is shown in (4).

IE = (i, v) “4)

where, © is the membership degree, representing the good
degree that IE is subordinate to, while v is the non-
membership degree, representing the bad degree that IE is
subordinate to. X is the hesitation degree, i.e, A =1 —pu —v,
representing the degree that IE belongs to good or bad is
uncertain.

B. ELECTRICITY RETAIL COMPANY EVALUATION
INDEX SYSTEM
(1) power quality severity (PQS)

PQS is an important index for electricity retail company
to evaluate the power quality’s impact on customers. The
more serious the power quality is, the greater the economic
loss customers will tolerate. Then, customers’ willingness to
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invest in PPVS products will be strong. This paper focuses
on the customers who are seriously affected by voltage sags.
Voltage sag severity (VSS) defined in IEEE Std.1564 [27]
is introduced as an evaluation index, which is shown in (5).
In practice, different types of customers may undergo differ-
ent kinds of power quality disturbances. Besides VSS, PQS
can be other severity indices, which do not affect the proposed
decision-making method.

I — Viae

VSS = ————
1 = Vga (T)

)
where, Vg, and T are voltage sag magnitude and duration
respectively. Vgq(T) represents the voltage sag magnitude on
the SEMI F47 curve or the equipment’s true immunity curve
when the voltage sag duration is equal to T'.

In general, equipment’s voltage sag tolerance levels show
obvious interval characteristics [28], [29]. For example,
the typical uncertain regions of personal computer’s voltage
sag magnitude and duration are [0.3, 0.9] p.u. and [20], [400]
ms. Thus, an interval number can be used to represent VSS.

(2) electricity retail company’s benefit (Benefit)

The electricity retail company will obtain benefit when
providing PPVS products to customers, which is expressed
by (6). The greater the benefits brought to the company are,
the greater the preference of the company for the correspond-
ing customers is, and the stronger the willingness to corporate
with the customers is.

I()ut
fn=2% Z T+ poy ©

where, I, refers to benefit. Z is the contract fee paid by the
customers. I,y is the annual operation and maintenance cost
paid by the customers, and p; is the annual discount rate,
which is determined by the expected profit of the electricity
retail company.

(3) average affected frequency (AAF)

AAF means the average affected number of power quality
disturbance events that bring economic losses to the cus-
tomers. As this paper focuses on the customers who are
mostly affected by voltage sags, average voltage sag fre-
quency (AVSF) is used to characterize the number of affected
voltage sags, which is an important factor affecting cus-
tomers’ economic losses. AVSF can be determined by the
data recorded by the voltage sag monitor device installed
at the customer bus interface, and the voltage sag immu-
nity of the customers’ equipment. The smaller the AVSF is,
the greater the utility brought by investing in the products
is, the greater the profit brought to the electricity retail com-
pany will be, and the stronger the company’s willingness to
cooperate is.

As equipment’s voltage sag immunity shows obvious inter-
val characteristics, AVSF can be expressed by an interval
number, as follows.

AVSF = [AVSFiow, AVSFhigh | 7
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where, AVSFloy is the lower limit value, and AVSFygy, is the
higher limit value.

(4) customer cognition degree (CCD)

CCD refers to the customers’ understanding of voltage
sags and PPVS products, which are divided into five levels,
as shown in (8). With the improvement of CCD, the customers
will perceive more utility brought by the products. Then,
it is easier for the company to reach an agreement with the
customers.

CCD = {VL|L|IM|H|VH} 8)
where, VL, L, M, H, and VH represent that the CCD is very
low, low, medium, high, and very high, respectively.

IV. LOSS AND GAIN MATRIX CONSTRUCTION

There exists difference between the EL and AL of evaluation
indices for both customers and electricity retail company. For
benefit-type index, if the EL is lower than the AL, customers
and electricity retail company perceive gains. Otherwise,
losses are perceived. For cost-type index, if the EL is greater
than the AL, customers and electricity retail company per-
ceive gains. Otherwise, losses are perceived. Take customers
as an example. At first, the EL and AL of the evaluation
index is compared. Then, the deviation degree from the AL
to the EL is calculated. Finally, the loss and gain matrices are
constructed.

A. COMPARISON BETWEEN EL AND AL
The comparison between EL and AL depends on the physical
attributes of the evaluation indices, which are discussed as
follows.

(1) The evaluation index is a real number.

The evaluation index’s EL pf and AL rﬁ are real numbers,
ie., IIC € I€!. The comparison is easy to do.

(2) The evaluation index is an interval number.

The evaluation index’s EL pl = [pf low. pf w ] and AL

E El Eup
rjl — [ ]l ow’ rjl
The comparison method is as follows.

Calculate four intermediate values based on (9) and (10).

! i ! E
G = ) )= 5 )
(&)
N lup _ Jlow E\' _ Ew _ Elow
(Pi) =pri —P (Gl) =T T (10)

] are interval numbers, i.e., Ilc e I¢2,

(pf)/ > (or <) (

!/ "
(’}115) ’ (Pf)/ > (or <) (rjl) gives p! < (or > )rjl.
(3) The evaluation index is a linguistic Variable
The evaluation index’s EL p and AL rE 7 are linguistic

) glvespl >(0r<)rl,and1f( ) =

variables, i.e., IF € I3, pl > (or <) rl gives pl > (or <)
rjl , where > and < means superior to and inferior to.
(4) The evaluation index is an intuitionistic fuzzy number.

VOLUME 9, 2021



Y. Ma et al.: PPVS Product Decision-Making Method Based on Multi-Index Two-Sided Matching

IEEE Access

L > [ lpw ] E
The evaluation index’s EL p; = <pi , piv> and AL ry =
<r]§" , ’}115 V> are intuitionistic fuzzy numbers, i.e., IIC e I1¢4,
The comparison result depends on the difference between

. . . I

membership degree and non-membership degree, i.e., p; #_
E .

pfv > (or <) ri e rﬁ" gives pf > (or <) rﬁ

B. CALCULATION OF DEVIATION DEGREE

FROM THE AL TO THE EL

Deviation degree from the AL to the EL can be characterized
by the distance between the AL and the EL. The larger the dis-
tance is, the greater the deviation degree is, and the stronger
the perceptions of customers and electricity retail company
are. In this paper, Euler distance is used to characterize the
deviation degree, which is denoted as dé..

(1) When I£ € I€1, dilj is calculated by (11).

I _
dij—

bl —f| an

(2) When I € 12, dj; is calculated by (12).

1 2 I Eup)?
dlé‘ — \/5 |:<p§low _ rﬁlow) + (piup _ 7?/'1 MP) ] (12)

(3) When [ IC € I3, the linguistic variables are converted
to interval numbers, as shown in (13). Then, the deviation

degree dlé is calculated by (12).
-1 1
Pf=(1’fl”w, Pfup)=<max{y ,0},min{yL, 1})
1 y1

(13)
where,y = {0, 1,2,--- ,y1}.
(4) When I € 14, dj; is calculated by (14).
a)
= A0t )+ Y]
(14)

where, pf * and rj’l': * are the hesitation degree of the evaluation

; ) l E I I l
index’s EL pé and AL ris e, pit o= 1 —p; p;’ and
Er _ W _ Ev

it =1-r Tt

C. LOSS AND GAIN MATRIX CONSTRUCTION

Based on the comparison results and deviation degree calcu-

lation results, the loss and gain matrix (LG)! = [lgfj] for
mxn

index IIC can be constructed, in which, lgﬁj is customer C;’s
loss and gain value for product £;. Based on the cost attribute
and benefit attribute of the evaluation index [, ,C, the detailed
determination methods of lgfl. are as follows.

) It IIC is cost-type index, i.e., IIC € [, lgﬁj is deter-
mined as follows.

If ;ﬁ < pf , customer C; will perceive gain, i.e.,

g} = dj; (15)
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If rjlf > p!, customer C; will perceive loss, i.e.,

g} = —d} (16)

ij
(2) If I is benefit-type index, ie., I € 17", gl is
determined as follows.
If rﬁ < pf, customer C; will perceive loss, i.e.,

g} = —dj; (17)

[}

If rj’l; > pl, customer C; will perceive gain, i.e.,
I _ gl
lgi; = dj; (18)

Similarly, the loss and gain matrix (/L\CT)t = [l?g;] for

mxn
index I,E can be constructed, in which, l?gfl is the electricity
retail company’s loss and gain value regarding product Ej
when evaluating customer C;.

It should be noted that if the index / ZC’S AL rﬁ for product
E; does not reach the lowest accepted level /2! of customer C;,
C; will not match with E;. To simplify, the loss and gain value
lgj; is denoted as —M. Similarly, if the index /’s AL " for
customer C; does not reach the lowest accepted level 711’- of
product Ej, E; will not match with C;, and the loss and gain
value l:t;fj is denoted as —M.

In order to eliminate the dimension’s influence on the

results, the loss and gain matrices (LG)! = [lgfj] and
sdmXxn
——1 ~
LG = ig]
mxn - - et
pany are normalized to (LG)I = [lgij] and (LG) =
mxn

for customers and electricity retail com-

i —I . . .
[lgij]mxn' Take lgij as an example, its formulation is shown

=1
in (19), which is the same for Ig;;.

Ty = Igh/ (max )zgﬁj ) i€ eI (19)
V. PERCEIVED UTILITY MATRIX CONSTRUCTION

Utility is a comprehensive measure of the benefits and satis-
faction degree brought by the matching results of customers’
PPVS demands and PPVS levels, which is related to the
psychological perceptions of both sides. On one hand, if cus-
tomers’ loss and gain value concerning the PPVS products
is larger than zero, or the company’s loss and gain value
concerning the customers is larger than zero, both sides are
pleased with the matching results concerning the correspond-
ing evaluation index. On the other hand, if the loss and gain
value is smaller than zero, both customers and company
are disappointed with the matching results concerning the
corresponding evaluation index. Obviously, customers’ and
company’s perceived elation or disappointment is related
to the satisfaction degree concerning the matching results.
In order to better describe the satisfaction degree of customers
and electricity retail company, based on the theory of disap-
pointment, the elation function H (-) and the disappointment
function D (-) [30] are introduced, as shown in (20) and (21).
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Then, the elation value and disappointment value of both
sides under the evaluation index can be calculated.

Hx) =1-p" (20)
Dx)=a"—1 30

where, x is the loss and gain value. 8 (0 < B < 1) is the
elation parameter. As for the same gain, the larger the f is,
the less elation the customers or the company will perceive.
o (0 < a < 1) is the disappointment parameter. As for the
same loss, the larger the « is, the less disappointment the cus-
tomers or the company will perceive. References [30]-[33]
showed that for a majority of the investment decision-making
processes, « = 8 = 0.8, thus, in this paper, o and § are set as
0.8. In practice, @ and B can also be set as other values based
on customers’ and electricity retail company’s preferences
and aversion degree towards loss and gain.

Based on the constructed elation function H (-) and dis-
appointment function D (-), combined with the normalitzed
loss and gain matrices, i.e., (E)l = [@f/] and (I:G) =

“dmXxXn

=1
[lgij] , customers’ PU matrices U’ = [ul]
mxn

Yy mxn
ing index IC, and electricity retail company’s PU matrices

concern-

U = [(ﬁ)ﬁj]mxn concerning index IF can be constructed.

The determination method of uf] and (ﬁ)gj are shown in
(22) and (23).

(i), -
;=1 0, lg;=0 ieMjeN.lcK
D (Igy). Tgy<0
(22)
H(l;). Ty o0
@y =1 0. gy=0 icM.jeN.1eG
D (&), Ty <0

(23)

Further, taking a full consideration of each evaluation
index’s influence, customers’ and electricity retail company’s
comprehensive PU matrices, i.e., U = [uij]mxn and U =
[ﬁlj]mxn’ can be constructed. The formulation of u;; and u;
are shown in (24) and (25).

k
uijzzwfugj, ieM, jeN, leK (24)
=1

g
~ E~t
ujj = E w; U,
=1

VI. TWO-SIDED MATCHING OPTIMIZATION MODEL
CONSTRUCTION AND SOLVING

The matching degree between customers’ PPVS demands and
the PPVS levels brought by the products is closely related
to both sides’ satisfaction degree. The higher the PU is,

ieM, jeN, teG (25
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the greater the satisfaction degree is, and the greater the
probability of success matching is.

In this section, based on customers’ and electricity retail
company’s comprehensive PU matrices, a multi-objective
two-sided matching optimization model is constructed. The
solving method is also analyzed.

A. TWO-SIDED MATCHING OPTIMIZATION

MODEL CONSTRUCTION

Based on the constructed comprehensive PU matrices, i.e.,
U and U in Section V, a multi-objective two-sided matching
optimization model is established. In the model, the lowest
accepted levels of evaluation indices are as the constraint
conditions and the maximization of both sides’ comprehen-
sive PU are as the objectives. Without losing generality, it is
assumed that each customer C; matches with at most one
PPVS product Ej, and each PPVS product matches with
at most one customer. The 0-1 variable x;; is introduced,
i.e., x;j = 0 means C; does not match with Ej, and x;; = 1
means C; matches with E;. The constructed multi-objective
two-sided matching optimization model is shown in (26).

m n
max Uj = Z UjjXij (262)
i=1 j=1
m n
max U, = Z Z’ii,]xy (26b)
m
o Ss1 jen 260
i=1
n
w1, ieM (26d)
J=1
m n
Z Z (uij + Tyj) xij > —mn (26e)
xj=0 or 1, ieM,jeN (261)

In the proposed model, equations (26a) and (26b) are
objective functions, indicating that the comprehensive PU
of customers and electricity retail company should be maxi-
mized as much as possible. Equations (26c) ~ (26e) are con-
straint conditions. Equations (26¢) and (26d) are two-sided
matching constraint conditions. Equations (26c) indicates
that each PPVS product matches with at most one customer,
while equations (26d) indicates that each customer matches
with at most one PPVS product. Equations (26e) is the lowest
accepted level constraint for the customers and the company,
ensuring that both sides can reach the lowest accepted levels.

B. TWO-SIDED MATCHING OPTIMIZATION

MODEL SOLVING

In this paper, the linear weighting method [34] is used
to transform the multi-objective two-sided matching opti-
mization model into a single-objective optimization model.
Suppose that w; and w, are the weights of the objective
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functions U; and U, satisfying 0 < wi, wy < 1, and
w1 + wo = 1. Thus, a single-objective optimization model
can be represented by

m n m n
max U = w Z Z ujjxij + w2 Z Zﬁy’xzj (27a)

i=1 j=1 i=1 j=1
m
st. Y xj<1, jeN (27b)
i=1
n
dox<l, ieM (27¢)
j=1
m n
DO (i +Tiy) xij = —mn (27d)
i=1 j=1
xj=0o0r1l, ieM, jeN 27e)

In order to reflect the fairness between customers and
electricity retail company, let o1 = w>» = 0.5. MATLAB
is used to solve the single-objective optimization model.

set comparison number 7,

set comparison number n1,
let j=1

let =1

evaluation index /”’s EL evaluation index 785 EL
i and AL 7 comparison | | P and AL 7 comparison
for customer C, (I €K, jeN)| | for product E; (t€G,ie M)

calculate the deviation degree |calculate the deviation degree
i g ~t )
d,'[,- between p; and r; d;; between P; and 7

v ¥
Yes ~i<m <> Yes
No} Noj

customers' loss and gain matrices |company's loss and gain matrices
(LG)/:[’g” concerning I (m)}{yﬁ:i Yconcerning 1F

v T
normalized loss and gain normalized loss and gain
matrices (ﬁ)l = [E,] matrices (ﬁ) {E/}

customers' comprehensive company's comprehensive
PUmatrices U = [u/] PU matrices U=[u, ]
L I

multi-objective two-sided matching optimization model construction‘

v
[solve the model to obtain optimal matching results|

Cond)

FIGURE 1. Flowchart of multi-objective two-sided matching
decision-making considering multiple indices.

C. FLOWCHART OF THE PROPOSED METHOD

Based on the above analysis, considering customers’ and
electricity retail company’s perceived elation and disap-
pointment, the proposed multi-objective two-sided matching
decision-making process is shown in Fig. 1.

Generally speaking, the proposed method can be divided
into two steps. The first step is the multi-objective two-sided
matching optimization model construction, including EL and
AL comparison, deviation degree calculation, loss and gain
matrices establishment, normalization, and comprehensive
PU matrices construction. The second step is to solve the
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model to obtain the optimal matching results. Accordingly,
the computational complexity of the multi-objective two-
sided matching decision-making considering multiple indices
can be analyzed as follows.

EL and AL comparison: It is assumed that the total number
of customers is m. The number of products proposed by the
electricity retail company is n. The evaluation index number
for each customer is k, and that for company is g. The cost of
EL and AL comparison is O(mk) + O(ng).

Deviation degree calculation: The computational com-
plexity of the deviation degree calculation is the same as that
of the EL and AL comparison, i.e., O(mk) 4+ O(ng).

Loss and gain matrices establishment: The loss and gain
matrices establishment are actually the combination of the
results of EL and AL comparison, and deviation degree cal-
culation. The computational cost of loss and gain matrices
establishment is O(mnk) + O(mng).

Normalization: The cost of normalization is the same
as that of the loss and gain matrices establishment, i.e.,
O(mnk) + O(mng).

Comprehensive PU matrices construction: The compre-
hensive PU matrices construction contains two steps. First,
PU concerning each evaluation index considering elation
and disappointment psychological perceptions are calculated.
Then, considering each evaluation index’s weight, the com-
prehensive PU matrices can be constructed. For the first step,
the computational cost is O(mnk) + O(mng). And for the sec-
ond step, the computational cost is 20(mnk) + 20(mng).
Thus, the total computational complexity of comprehensive
PU matrices construction is O(mnk) + O(mng) + 20(mnk) +
20(mng) = O(mnk) + O(mng).

Multi-objective two-sided matching
optimization model construction: Based on the above anal-
ysis, the computational complexity of multi-objective two-
sided matching optimization model construction can be
obtained, i.e., [O(mk) + O(ng)] + [O(mk) + O(ng)] +
[O(mnk) + O(mng)] + [O(mnk) + O(mng)] + [O(mnk) +
O(mng)] = O(mnk) + O(mng).

Model solving: In this paper, the multi-objective two-sided
matching optimization model solving is performed by linprog
function in MATLAB. For a linprog calculation with W
parameters, and W, iterations, its complexity is O(W;W>).
As the number of customers is m, and the number of products
is n, the cost of multi-objective two-sided matching optimiza-
tion model solving is O(mnW>).

Therefore, the total computational complexity of the pro-
posed method is O(mnk) + O(mng) + O(mnW,) = O(mnW),
where, W equals to k 4+ g + W», depending on the number
of the customers’ and electricity retail company’s evaluation
indices, as well as the number of iterations.

VIi. EMPIRICAL ANALYSIS

A. EMPIRICAL BACKGROUND, DATA,AND HYPOTHESIS
Three large high-tech electronic-based customers C = {Cj,
C3, C3} located in an industrial park in western Guangdong
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FIGURE 3. Distribution network diagram of the industrial park.
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FIGURE 4. Voltage sag distributions at bus interface for customers
C; ~ C5 from 2013 to 2019.

in China are investigated and analyzed. The customers’ geo-
graphical locations are shown in Fig. 2. There are two 110kV
substations in the park, and the distribution network diagram
is plotted in Fig. 3.

Customers in the industrial park are very sensitive to volt-
age sags. Voltage sag monitoring devices are installed at the
bus interface of customers C; ~ C3, and the recorded voltage
sag distributions from 2013 to 2019 are shown in Fig. 4. The
total voltage sag frequency and the number of voltage sags
leading to economic losses suffered by customers C; ~ C3
are plotted in Fig. 5.

According to the voltage sags’ influence on the customers
in the park [35], [36], the PPVS products provided by the
electricity retail company are E = {E1, E», E3, E4}, as shown
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FIGURE 5. The total frequency and the affected number of voltage sags
suffered by customers C; ~ C; from 2013 to 2019.

TABLE 1. PPVS products provided by the electricity retail company.

Purchase and Installation

Product Custom Power Technology Cost (x10°¥)
E, NY® 16.9547
E, DVR 31.9254
E5 Static UPS, 350kVA, 90min 82.0892
E4 Static UPS, 350kVA, 90min 126.5113

in TABLE 1. In order to prove the proposed method in
principle and simplify the calculation, it is further assumed
that each product contains only one custom power technol-
ogy. In practice, it is likely to be an optimal combination of
multiple custom power technologies, but the above assump-
tion does not affect the operation of the proposed two-sided
matching optimization method.

Based on the survey results of the actual voltage sag sit-
uations from 2013 to 2019, the index I, lc’s expected vector
Pl=plhly (i =1,2,3.1 =1,2,3,4) for the customers
when evaluating PPVS products are shown in TABLE 2. The
ALrﬁ G=12341=1234ofIF(=1,2734
for company’s products are shown in TABLE 3. Similarly,
the index IF’s expected vector i’]’ = ([J]’., iz]t) G = 1,2,
3,4.¢t = 1, 2, 3, 4) for the electricity retail company when
evaluating customers is shown in TABLE 4. The evaluation
index IFs ALr$ (i = 1,2,3.1 = 1,2, 3, 4) for the customers
are shown in TABLE 5.

It should be noted that although only three large electronic-
based industrial customers are investigated and analyzed,
the proposed approach can be scalable in the aspects of the
customer number, the industrial park size, the electricity retail
company’s number, and the evaluation index’s number, type
and attribute.

B. CUSTOMERS’ AND ELECTRICITY RETAIL COMPANY'’S
LOSS AND GAIN MATRICES CONSTRUCTION

Based on (9) ~ (19), customers’ normalized loss and gain
matrices 1LGi[ = [
IIC (I =1,2,3,4) are as follows.

' =[5,

—I . Lo
lgij concerning evaluation indices
mxn

—0.2364 0.5155 0.6313 —0.4039
= | —-0.5758 0.1761 0.2919 —0.7433
0.1323  0.8842 1.0000 —0.0352
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TABLE 2.

Expected vector P,! = (pé, h{) (f=1,2,3.1=1,2,3,4) of index If.

Customer NPV/x10° ¥ PSL IR 1E
C (115.0625,22.9247) _ (AAA, A) ([0.2347, 0.5014], [0.3297, 0.5142]) __ (<0.5786, 0.2047>, <0.5139, 0.2871>)
G (140.5344,29.0731)  (AAA,AA)  ([0.1579,0.4973], [0.2683,0.5022])  (<0.6932, 0.1872>, <0.5977, 0.2111>)
C; (87.39483, 14.6683) (AA, A) ([0.3031, 0.6278], [0.3574, 0.6521]) (<0.5035,0.2115>, <0.4213, 0.1030>)

TABLE 3.

Actual level '}7 (f=1,2,3,4.1=1,2,3,4) of index IIC for products.

Product NPV/x10° ¥ PSL IR 1IE
E; 97.3216 AA [0.2090, 0.5499] <0.5211, 0.1074>
E, 153.7491 AAA [0.1938, 0.3834] <0.6575, 0.1750>
E; 162.4369 AAA [0.1640, 0.4654] <0.6837,0.1243>
E, 84.7523 AA [0.2875, 0.4631] <0.5024, 0.1291>

TABLE 4.

Expected vector f’} = (ﬁ;, El‘) (i=1,2,3,4. t=1,2,3,4) of index lf.

Product VSS Benefit/x10° ¥ AVSF CCD
E, ([2.5794, 4.1859], [6.0000, 8.0000]) (83.2468, 62.5318) ([10, 251, [13, 30]) (H, M)
E, ([3.3456, 8.7233], [6.0000, 10.00007) (149.1522, 96.7234) ([20, 37], [25, 40]) (VH, M)
E; ([3.7953, 8.9724], [6.0000, 10.0000]) (160.9753, 93.2312) ([23, 471, [25, 50]) (VH, M)
E, ([1.8775, 3.9236], [6.0000, 8.0000]) (76.5218, 57.1113) (10, 271, [17, 30]) (H, M)
TABLE 5. Actual level ri';' (i=1,2,3.t=1,2,3,4) of index lf for customers.
Customer VSS Benefit/x10° ¥ AVSF CCD
C [3.1527, 4.8105] 122.1186 [16, 27] H
Cs [3.6973, 7.6290] 165.2351 [18, 30] VH
Cs [1.4275,3.7967] 102.8796 [7,20] H
—2 —2 —\ 2 _w2
@ = [%],, (%) =[]
-1 0 0 -1 o -
_ L 0 o | 0.4382 —0.3047 —0.4380 0.5140
- _0 1 1 _O = [0.9242  0.1813 0.0480 1.0000
; -, 1 0.2213  -0.5216  —0.6549  0.2971 |
E - [l_] —\ 3 =3
(LG) il3xa (LG) - lgl.j]
—0.2050 0.4665 0.2963 —0.2436 L A3x4 _
= 1-0.2739 0.4461 0.1213 —0.5006 —0.2015 0.3432 0.6752 —0.1912
0.4563 1.0000 0.7987 0.6179 = [ —0.3006 0.2320 0.5646 —0.2722
—\4 4 0.1858 0.6819 1.0000  0.2427
(LG)" = [7e;], 3 .
3x4 —\ 4 ~4
03587 04116 0.6821 —0.3213 (LG> = lg,j]3x4
= | —-0.6316 —0.1331 0.2486 —0.7172 -_O 1 -1 0
0.4823 0.7414 1.0000  0.3466
L =11 0 0 1
In the same way, the electricity retail company’s normal- 0 -t =10

—\ 1 =~
ized loss and gain matrices (LG) = [lgij] concerning
mxn

evaluation indices ItE (t =1,2,3,4) are as follows.

-\ 1 =1
@) -[m],,

—0.1490 0.6883 0.7399 —0.2729
= | —0.6360 0.2020 0.2367 —0.7253
0.2136  0.9289 1.0000  0.0821
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As seen from the above calculation results, for the same
evaluation index, the same customer’s perceived gain or loss
are different concerning different PPVS products. As for
the same product, the electricity retail company’s perceived
gain or loss are also different concerning different customers.
What’s more, for PSL and CCD, there are situations that
the loss and gain values equal to zero, indicating that the
evaluation indices’ AL just reach customers’ or company’s
expectations.
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C. CUSTOMERS’ AND ELECTRICITY RETAIL COMPANY'’S
PU MATRICES CONSTRUCTION

Considering customers’ perceived disappointment or ela-
tion concerning the possible matching results, based on

(20) ~ (22), customers’ PU matrices U’ = [ufj concern-
mxn
ing indices /¢ (I = 1,2, 3, 4) can be obtained.
ul = .1.]
| Yij 3x4
[—0.0514 0.1087 0.1314 —0.0862]
= [ —0.1206 0.0385 0.0631 —0.1528
i 0.0291 0.1791  0.2000 —0.0078_
2 [ 2
vt = _MU]3x4
[—0.2000 0.0000 0.0000 —0.2000]
= [ —0.2000 0.0000 0.0000 —0.2000
i 0.0000 0.2000  0.2000 0.0000 i
3= [
U= _u’f]3x4
[—0.0447 0.0989 0.0640 —0.0529]
= | —-0.0593 0.0947 0.0267 —0.1057
i 0.0968 0.2000 0.1632 0.1288 i
4 _ [ 4
U= _uijil3><4
[ 0.0769 0.0878 0.1412  —0.0692
= |-0.1314 —-0.0293 0.0540 —0.1479
i 0.1020 0.1525 0.2000 0.0744

It is the same that the electricity retail company’s PU matri-
ces U = [(’ii); concerning indices I£ (1 =1,2,3,4)
X
can also be calculated based on (20), (21), and (23).

~1 1
v = _@)lj]3x4
[[—0.0327 0.1424 0.1522 —0.0591]
= | —0.1323 0.0441 0.0514 —0.1494
L 0.0466 0.1872  0.2000 0.0182 i
~2 2
Ur= _(ﬁ)”]3x4
[0.0931 —0.0657 —0.0931 0.1084]
= |0.1864 0.0396 0.0107 0.2000
_0.0482 —0.1099 —-0.1360 0.0641_
~3 3
vt = I:(ﬁ)ij]3x4
[[—0.0440 0.0737 0.1399 —0.0418]
= | —0.0649 0.0504 0.1184 —0.0589
L 0.0406 0.1411  0.2000 0.0527 i
4 4
U= [@)lj]3x4
[[0.0000  —0.2000 —0.2000 0.0000 |
= | 0.2000 0.0000 0.0000 0.2000
_0.0000 —0.2000 —0.2000 0.0000_

Further, for different evaluation indices, customers and
electricity retail company show different levels of attention.
The weight vector of customers’ evaluation index set /€ is
set as wC = [0.4, 0.25, 0.2, 0.15], and the weight vector of
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electricity retail company’s evaluation index set /% is set as
of =10.3, 0.4, 0.2, 0.1]. Based on (24) ~ (25), customers’
and electricity retail company’s comprehensive PU matrices
are calculated, as follows.

U= [uij]3><4
[—0.0680 0.0764 0.0865 —0.1054
= [ —=0.1298 0.0300 0.0387 —0.1545
L 0.0463 0.1845 0.1926 0.0338
U= [ﬁlj]3x4
[0.0187 0.0112 0.0164 0.0173
= 10.0419 0.0392 0.0434 0.0434
_0.0414 0.0204 0.0256 0.0417

It is obvious from the calculation results that customers’
and the electricity retail company’s satisfaction degree con-
cerning the possible matching results are affected by the
elation and disappointment perceptions. With the loss and
gain value increases, customers and company will obtain
more benefits from the products. Thus, the perceived elation
and the PU will increase. On the contrary, if the loss and
gain value is small, or even become negative, what cus-
tomers or the company perceived is loss. The stronger the
perceived disappointment is, the smaller the PU is.

D. TWO-SIDED MATCHING OPTIMIZATION

MODEL SOLVING

Based on the constructed comprehensive PU matrices,
according to (26) and (27), by using the linear weighting
method, the multi-objective two-sided matching optimization
model can be converted to a single-objective optimization
model, as follows.

34 3 4
max U = 0.5 Z Z ujixij + 0.5 Z Zﬁljxlj

i=1 j=1 i=1 j=1

3

st. Y xj<1, jeN
i=1
4
Yoxj<l, ieM
j=1

3 4
D> (wy +Tig) xy = —12
i=1 j=1
xj=0o0r1, ieM, jeN

By using MATLAB, the optimal matching results can be
obtained.

0 0 1
x=]0 1 0
1 0 O

(=i i)

From the above optimal results, customers Ci, Cp, C3
match with products E3, Ez,_E 1, respectively, and the max-
imum comprehensive PU is U = 0.2554.
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E. COMPARISON ANALYSIS

1) MATCHING RESULTS COMPARISON WHEN ONLY
CONSIDERING NPV AND BENEFIT

To illustrate the effectiveness of considering multiple eval-
uation indices, the results of this paper are compared with
the two-sided matching results when customers only con-
sider NPV and the electricity retail company only considers
Benefit, as shown in TABLE 6.

TABLE 6. Two-sided matching results comparison when considering
multi-index and single-index.

C, (@) Cs U
multi-index E3 Ez E[ 0.2554
single-index / E, / 0.0011

As seen from TABLE 6, when only considering NPV and
Benefit, only customer C, matches successfully, while there
is no PPVS product that customers Cy and C3 can match with.
However, by using the proposed method in this paper, when
considering multiple evaluation indices, there are products
that all the customers can match with, because C; and E3,
C3 and E; have already reached the lowest accepted level of
each other concerning each evaluation index. What’s more,
the comprehensive PU is greater than that when only con-
sidering NPV and Benefit. In total, the proposed method in
this paper can achieve more successful matching pairs under
the premise that the indices reach the lowest accepted levels
of customers and company, which will reduce the power
quality management costs, and improve both customers’ and
electricity retail company’s satisfaction degree.

2) OPTIMAL MATCHING RESULTS COMPARISON BETWEEN
MULTI-OBJECTIVE AND SINGLE-OBJECTIVE

By using the proposed multiple evaluation indices, a single-
objective function is established to maximize the customers’
PU or the electricity retail company’s PU. The matching
results and possible investment of customers are compared
with the results of the multi-objective optimization model,
as shown in TABLE 7.

As seen from TABLE 7, when only taking customers’
PU or electricity retail company’s PU as the two-sided match-
ing optimization objective, the matching results are different
from that of the multi-objective optimization model. Except
customer Cj, the investment of customers C; and Cs are
greater than that when considering the comprehensive PU
of both customers and electricity retail company. The above
results show that by considering the PU of both customers
and electricity retail company, the multi-objective two-sided
matching optimization model can significantly reduce the
investment of customers.

3) SENSITIVITY ANALYSIS OF PU TO THE

EVALUATION INDEICES

For the sensitivity of customers’ PU to the evaluation indices,
customer C; and product E3 are taken as an example.
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TABLE 7. Comparison of matching results and possible investment of
multi-objective optimization and single-objective optimization.

Ci C, Cs
multi  custome product E; E, E,
- rs and investme
objec  compan nt(x10°%) 86.1937 33.5217 17.8024
tive y
E. E E
single Cusfs’me ‘gizgg;z 132 84369 33 52217 17 8;)24
- nt(x10%¥) : : :
W com M BB
y ni(x10°¥) 132.8369 33.5217 86.1937
0.12r NPV 0.2+ PSL
| 0.16}
py 0-08 .\\ pUO.12r \
0.04r 0.08F
0.04r
071 0 o1 0=—A"AA AAA
variation percentage PSL
0.12r IR 0.12r IE
0.08F /_._4——"‘—‘ [
PU | e \
0.04: 0.10F
0575 .05 005 0.5 o005 005 005 015

variation percentage variation percentage

FIGURE 6. The sensitivity of customer C;’s PU to the evaluation indices.
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FIGURE 7. The sensitivity of electricity retail company’s PU to the
evaluation indices.

When the evaluation indices’ EL vary, customer C;’s PU
concerning Ej3 are plotted in Fig. 6.

Take electricity retail company’s PPVS product E; as an
example, company’s PU concerning customer C3 are shown
in Fig. 7 when evaluation indices’ EL vary.

As seen from Figs. 6 and 7, all the proposed evaluation
indices will have an effect on customers’ and company’s PU,
indicating that only considering NPV and Benefit will lead
to inaccurate results. For the cost-type evaluation indices,
i.e., IR, VSS, and AVSEF, the higher the EL is, the greater the
PU is. That is, customers and company will perceive greater
benefits. For the benefit-type evaluation indices, i.e., NPV,
PSL, IE, Benefit, and CCD, the higher the EL is, the greater
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the deviation degree is, and the lower the PU is. That is, cus-
tomers and company will perceive greater losses. The above
empirical analysis results are in consistent with the theoretical
analysis results, indicating the correctness of the proposed
method.

4) SENSITIVITY ANALYSIS OF PU TO THE ELATION AND
DISAPPOINTMENT PARAMETER

Besides the evaluation index’s EL, the elation parameter
and disappointment parameter o will also affect the PU of
the customers and company. Take customer Cy, and product
Ej as an example, the sensitivity analysis of PU to g and «
are plotted in Fig. 8.
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FIGURE 8. The sensitivity analysis of PU to 8 and «.

As seen from Fig. 8, on one hand, with the increasing
of 8, both customers’ and electricity retail company’s PU are
decreasing. On the other hand, with the increasing of o, PU
are increasing. That is, as for the same gain, the larger the f is,
the less elation the customers or the company will perceive.
Thus, the PU are smaller. As for the same loss, the larger the
«a is, the less disappointment the customers or the company
will perceive. Thus, the PU are greater.

In total, the main controlling parameters, i.e., the evalua-
tion index’s EL, the elation and disappointment parameters,
are customer-specific and company-specific. The values of
the parameters are all based on customers’ and electricity
retail company’s expectations concerning different indices,
and preference and aversion degree concerning loss and gain.
As this paper mainly focuses on the PPVS product decision-
making process, the details of how to obtain and tune the
parameters are not discussed.

F. COMPUTATIONAL EFFICIENCY ANALYSIS

In order to verify the computational efficiency of the pro-
posed method, the calculation time utilized is demonstrated
in TABLE 8.

As seen from TABLE 8, the total calculation time of the
proposed method is less than 120 seconds. The results show
that the proposed method is computationally efficient, which
can be used in practical applications. What’s more, if more
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TABLE 8. Calculation time of the proposed method.

Iterms Time(s)
multi-objective two-sided matching optimization model 278
construction '
model solving 107.61
total time 110.39

advanced hardware configurations are used, the computa-
tional efficiency can be further improved.

VIIl. MERITS AND LIMITATIONS
In this section, the merits and limitations of the proposed
PPVS product decision-making method will be discussed.

Firstly, through the literature review, one can find that
existing methods on PPVS product decision-making mainly
from the perspective of costs and benefits. For instance,
Ghiasi [37] proposed a power quality mitigation solution
decision-making method by considering the financial losses
due to several critical power quality phenomena, the costs of
different mitigation solutions, and the payback owing to the
adoption of particular solution. Costs of voltage sag mitiga-
tion solutions were taken into account in [36]. Milanovic and
Zhang [8] aimed to minimize the global financial losses when
choosing the optimal voltage sag mitigation solution with
FACTS based devices. Obviously, these studies do not con-
sider the multi-dimensional characteristics when customers
evaluate products, and electricity retail companies evaluate
customers. Compared with previous studies, besides costs
and benefits, this paper investigates multiple qualitative and
quantitative evaluation indices characterized by real numbers,
interval numbers, linguistic variables and intuitionistic fuzzy
numbers, when customers and electricity retail companies
make a decision on PPV S products.

Secondly, actually, PPVS product decision-making
depends on the matching between customers’ PPVS demands
and the PPVS levels brought by the products. Although
two-sided matching decision-making problems have been
widely discussed in marriage matching [15], [16], person-
job matching [17], [18], knowledge service matching
[19], [20], et al., PPVS demand-level matching has not been
fully explored. Although [10] investigated the two-sided
matching between customers’ PPVS demands and PPVS
levels, only NPV and benefit were taken into account. There-
fore, it is necessary to construct an optimization model of
two-sided matching between customers’ PPVS demands and
the PPVS levels brought by the products considering multi-
dimensional evaluation indices.

Finally, PU is also an important property for the customers
and electricity retail company to make a decision due to the
fact that elation and disappointment will be perceived con-
cerning different matching results [12]. Although customers’
PU for premium power has been discussed in [5], the inte-
gration of PU and two-sided matching decision-making on
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PPVS product have not been fully investigated. In this paper,
PU of both customers and electricity retail company are con-
sidered when establishing the matching models. The psycho-
logical perceptions of elation and disappointment are taken
into account based on disappointment theory. Afterwards,
a two-sided matching optimization model that aims to maxi-
mize the PU of both sides is constructed. Moreover, an empir-
ical analysis conducted in an industrial park demonstrates the
necessity of considering both sides’ PU.

Overall, the proposed PPVS product decision-making
method based on multi-index two-sided matching enriches
the studies of decision-making on PPVS product. However,
the approach also has some limitations. On one hand, in this
paper, it is assumed that the evaluation indices are expressed
by real numbers, interval numbers, linguistic variables and
intuitionistic fuzzy numbers, which cannot be used to deal
with the situations when customers and electricity retail com-
panies provide more elaborated and complex assessments,
such as unbalanced hesitant fuzzy linguistic term sets [38]
and distributed linguistic information [39]. On the other hand,
in this paper, only three customers and four PPVS products
provided by an electricity retail company are considered
in the empirical analysis. Although the proposed decision-
making method can be scalable in the aspects of the customer
number and the product number, as well as the electricity
retail company number, with the increasing of the number of
customers, products, and electricity retail companies, the res-
olution to the PPVS product decision-making models may
become a little bit complex. In this case, a more efficient
model needs to be developed to deal with the PPVS product
decision-making problem.

IX. CONCLUSION

A premium power value-added service product decision-
making method based on multi-index two-sided matching is
proposed in this paper. The conclusions are as follows.

1) The multi-index system with different mathematical
and physical attributes is established from the perspective of
customers and electricity retail company, and a method of
two-sided matching of the customers’ PPVS demands and the
PPVS levels brought by the products of the electricity retail
company is proposed.

2) Considering the difference between the evaluation
indices’ AL and EL, customers’ and electricity retail com-
pany’s loss and gain matrices are constructed. Furthermore,
considering the perceptions of disappointment and elation,
PU matrices are established.

3) In order to maximize the comprehensive PU of cus-
tomers and electricity retail company, a multi-objective
two-sided matching optimization model is established, which
is transformed into a single-objective optimization model by
using linear weighting method.

4) Three large high-tech electronic-based customers
located in an industrial park in western Guangdong are inves-
tigated and analyzed. The proposed PPVS product decision-
making method based on multi-index two-sided matching
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can improve the accuracy of the results, reduce customers’
investment, and maximize the satisfaction degree of both
customers and electricity retail company.

Meanwhile, three interesting directions are worth to be
further researched.

1) Under the background of the opening of the electricity
retail side, PPVS products will become the main focus of
customers and electricity retail companies. Not only should
the strategy and method of decision-making be studied, but
also the legal and policy aspects should be explored.

2) With the further reform of the electricity retail market,
more and more customers and electricity retail companies
will participate in PPVS products decision-making, which
can be regarded as a group decision-making problem. Due to
the difference in knowledge and culture background, differ-
ent decision-makers tend to provide complex and elaborated
linguistic expressions with uncertainty. In this case, hesitant
fuzzy linguistic information with multiattribute [38] can be a
good choice for decision-makers to express the assessments.

3) In practice, two processes are involved in a typical
large-scale group decision-making, i.e., the selection process
and the consensus process [40]. In 2), the future study in
the selection process for PPVS product is discussed. More-
over, consensus reaching also plays an important role in
large-scale group decision-making. For example, [41] devel-
ops a novel consensus model for a multiattribute group
decision-making problem based on multi-granular hesitant
fuzzy linguistic term sets. And in order to preserve decision-
makers’ original preference information as much as possible,
the minimum adjustment-based optimization model is pro-
posed. We believe it is very interesting to extend the research
results of this study to the large-scale PPVS product group
decision-making.
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