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Abstract:Change impact evaluation of complex product plays an important role in controlling
change cost and improving change efficiency of engineering change enterprises. In order to
improve the accuracy of change impact evaluation,this paper firstly expresses engineering changes
based on multi-stage complex networks. Then, it constructs the evaluation index system of
complex product engineering change impact. Next, based on the combination weighted
three-parameter grey relational model, the engineering change impact of complex product is
evaluated. Finally, a case analysis was carried out with the permanent magnet synchronous
centrifugal compressor in a large permanent magnet synchronous centrifugal unit to verify the

effectiveness of the proposed method.

Keywords:Complex product, Engineering change impact evaluation, Three-parameter interval

grey number, Grey relational model
1. Introduction

There are increasingly fierce competition among complex product manufacturing enterprises
in the rapidly changing market environment. In order to improve competitiveness and meet the
changing needs of customers for engineering change, companies inevitably face more and more
complex engineering changes. When engineering changes occur, many structures of complex
products will be affected. The management of engineering change is roughly divided into four
stages: engineering change application, engineering change process impact analysis and
evaluation, engineering change decision and approval, and engineering change implementation. In
these four stages, the analysis of the impact of engineering change can not only be used to
determine the necessity of change implementation, but also provide guidance for the formulation
of change decision and strategies. It is of great significance to control the cost of change and
improve the efficiency of change, especially to consider the multi-stage impact when evaluating

the impact of engineering change.

Due to the complexity of parts, disciplines and heterogeneous knowledge, and the difficulty
of data acquisition, there is great opacity in the process of change impact evaluation. Therefore,
this article improved three-parameter interval grey relational and applied to the evaluation of the

impact of engineering changes.

In recent years, many scholars have studied the impact evaluation of engineering change. It



mainly includes the evaluation of change impact scope and the change impact degree. Based on
the weighted network theory, (Cheng and Chu, 2012) proposed three variable indexes (degree
variable, reachable variable and interval variable). And the degree variability is used to calculate
the impact of direct change.Ahmad et al. (2013) studied a cross domain approach to decompose
design and identify possible change propagation links, supplemented by an interactive tool to
functions, components and detailed design process. Chen et al.(2015) proposed an assess the
impact of changes. This method considered the information domain of requirements,
object-oriented method, and described its components and related requirements by attributes and
links, so as to model the integrated content of products and perform CIA tasks in variant product
design. Maazoun et al.(2016) proposed an automatic method to analyze the evolution of feature
change model, tracked their impact on SPL design, and provided a set of suggestions to ensure the
consistency of the two models. Li et a/.(2020) introduced multiple network model and application
susceptibility infection susceptibility model into the impact evaluation of complex product
engineering change propagation. Zheng et al.(2020) put forward the evaluation method of change
propagation probability based on grey comprehensive relational analysis and the evaluation
method of change propagation impact probability based on configuration change value analysis.
(Li and Zhao, 2014) proposed an engineering change scheduling method which combined change
propagation simulation with optimization algorithm in complex product development process. Ma
et al.(2016) established an engineering change analysis model based on the design attribute
network and defined the influence of change propagation on the intensity of change propagation
through the quantification of change propagation influence factors. Zhang et al.(2017) proposed
an impact model of engineering change delivery date based on capacity constraints. (Zhang and
Yang, 2019) constructed a complex product design structure-task network evolution model under
the influence of engineering changes, and analyzed the impact of changes on design tasks. Lian et
al.(2017) studies the change rule of node state and the mechanism of change propagation in
complex product design network. The improved cuckoo search algorithm is used to solve the
design change propagation path, so as to comprehensively and accurately evaluate the impact of
change on complex product design. (Guo, 2018) proposed a risk prediction method of engineering
change propagation based on small world network. Lier al.(2020) established an engineering

change risk propagation model based on load capacity.

Some of the existing studies have studied the change risk of change evaluation, and the
change propagation. Then based on the multi-stage complex network model, this paper analyzes
the multifaceted change propagation impact from the aspect of change propagation path. In
addition, there are many parts in complex products and their relationship is complex. The
relationship of each stage and parts is dynamic under the influence of engineering changes.
Engineering change involves a series of activities such as product design or process, related
documents, components or assembly, self-made or purchased parts, production process and even
suppliers. The acquisition of engineering change data for complex products is more difficult and
the data is poor, with greater ambiguity. Therefore, this paper adopts the three-parameter grey
relational model based on BWM and Gini coefficient method to evaluate and analyze the impact

of engineering change propagation.



Many scholars have studied three-parameter interval grey number decision model. For the
multi-attribute decision-making problem, Hu et a/.(2014) further expanded the greytarget decision
model and gave a weighting method suitable for the ternary interval comprehensive target distance
decision model. Li et al.(2015) proposed a decision-making method based on prospect theory for
the multi-criteria decision-making problem where probability and criterion value are both
three-parameter interval greynumbers. (Wang and Dang, 2015) proposed a dynamic multi-attribute
decision-making method based on prospect theory for the dynamic multi-attribute
decision-making problem where the attribute value of scheme is a three-parameter interval grey
number. Yan ef al.(2015) proposed a three-parameter interval grey number group decision method
based on prospect theory, taking into account the influence of decision makers' satisfaction range
of indexes and risk attitudes on group decision-making. Luo et al.(2016) proposed an attribute
reduction method based on theta grey dominance relation for incomplete information system
whose attribute evaluation value is three-parameter interval grey number. Li et al.(2019)
proposed a multi-attribute decision-making method based on cosine similarity to solve the
multi-attribute decision-making problem that the evaluation information is three-parameter
interval grey number and the grey information set is not fully utilized. (Li and Zhang, 2020)
proposed a grey target decision-making method considering the value information of the grey

number in the three-parameter interval and the risk attitude of the decision maker.

There are also some researches on the index weight of grey relational model. (Sun and Huo,
2020) calculated the weight of attributes by improved entropy method, calculated the relative
closeness of different schemes by TOPSIS method and grey relation algorithm, and sorted the
alternatives by the relative closeness. (Yin and Ren, 2018) and Liu et al.(2020) respectively
introduced entropy weight method into grey relation analysis to study the risk evaluation of tunnel,
the representative volume evaluation of concrete and the comprehensive analysis of the
influencing factors of gas outburst. Based on entropy TOPSIS grey relational method, Gu et
al.(2020)and Guo et al.(2019) respectively studied the path selection of the evaluation of the
opening level of coastal cities in China and the evaluation of the implementation effect of TCM
standards. (Li and Zhu, 2019) studied the grey relational decision model based on AHP and DEA.
Based on the sensitivity and grey relational degree, Zhou et al.(2017) studied the variable weight
evaluation method of distribution network operation mode. For the determination of the weight of
three parameter interval grey number index, according to different decision-making schemes, most
scholars consider the weight of the index one sidedly, without considering the limitations of the
method. In fact, every scheme is different in different situations. So the index weights of different
schemes should be different. Therefore, this article combines the advantages of subjective and
objective to comprehensively empower it and apply it to the evaluation of complex product

engineering changes.

The engineering change process needs huge human, material and financial resources. If a
predictive analysis of the possible impact scope can be made, manufacturing enterprise can avoid
the waste of cost, and further accelerate the product development and production cycle. In this

paper, the multi-stage complex network topology is firstly established for complex product



engineering change, then the engineering change impact evaluation system is established. Finally,
the proved three-parameter interval grey relational model is used to evaluate the impact of

engineering change. The framework is shown in the Figure 1.

2. Multi-stage complex network

Engineering changes occur in product design, process, manufacturing and other stages. When
these changes occur, it is necessary to respond at any time to achieve real-time change design
response, rather than follow a fixed process of production. All processes will be affected when the
change occurs. It is very vital about how to effectively collect, organize and manage scattered
product engineering change knowledge, and use existing domain knowledge to ensure the
integrity of product assembly structure. As an important part of the re-generation of product
design schemes after product changes, it is critical to timely feed back the engineering change
information to the design department. This article builds a multi-stage complex network based on

design libraries, knowledge bases, and case libraries.
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Fig.1 Framework of the proposed complex product engineering change impact evaluation
method.



In design stage, structure and function of complex product are determined according to the
market demand, which is the key to provide the guideline for the subsequent production and
manufacturing. Therefore, the product design knowledge includes those specific parts and
components, as well as a series of knowledge including the structure, function and behavior of the
product. There are three sources of parts knowledge in product design stage. The function
definition from the transformation of customer requirements is in the basic parts library.
According to the requirements of the design structure, select knowledge from the basic parts
library. Redesign the parts according to the subsequent changes. This knowledge network based on
process must be able to accurately record the comprehensive information of each part for large and
complex products, whether it is mass production or single piece small batch production.
Knowledge network of complex product manufacturing stage is associated by the assembly
material attribute information, supplier and quota information to each part in the assembly process
information according to the requirements of parts purchasing and inventory management. In
addition to material attribute information, self-made parts should also be associated with material
quota, man hour quota, work center, tools, accessories, equipment and other information to form
part manufacturing knowledge network. The multi-stage complex network construction process of

complex product is shown in Figure 2.
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Fig.2 Multi-stage complex network of complex product

The single stage network is represented as: Gy =(V.Ex.Wg) V=(V..i=12..N) . If there are
connecting edges between parts knowledge, the ef. j=1, else, e ;=0. When calculating the
multi-stage network, the connected edges and edge weights of its indexes are added and processed.
For the same connected edge, the weight value isw; ; :ZZ wi'; . The schematic diagram of the

multi-stage network is shown in Figure 3.(Taking the high speed permanent magnet synchronous
variable frequency centrifugal high power chiller of G enterprise as an example.)
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Fig.3 Multi-stage complex knowledge network

3. Construction of engineering change evaluation index



3.1 Engineering change propagation intensity evaluation

The propagation intensity of engineering change defined in this paper includes node

proximity, edge betweenness and propagation probability.

Node proximity: Node proximity is the reciprocal of total distance from the node to all other

1
C‘ = n . . .
nodes: > Where £ is the number of edges in the shortest path from the start node i to the end

J=1

node /j, and” is the total number of nodes. Node proximity describes the degree a node is to the

center of a network. The larger the value, the more importasnt the node is.

Edge betweenness:Edge betweenness is defined as the ratio of the number of paths passing
through the edge to the total number of shortest paths in the network. Edge betweenness test is an
important index to measure the role of connected edges in the whole network. The edge

N Lll,m(e}f])

betweenness is expressed as: G; ; = fozm ———/m=12,...,N,hzm(h,m) # (i, j)] .
8hm

Propagation probability of connected edges: »i.j is the probability of propagation from node
i to node j . If node j doesn't belong to the next connected edge, the propagation probability is 0.
It is easier to pass through this connecting edge when the propagation probability of the edge is
p(v; 1 Vj) P(levi)P(Vj) Pj,‘P(Vj)
pop pop pw)

greater. It can be expressed as: B = p(v;[v;) =

o(1- By + 0,C; + 3Gy pij 20

Then, the change propagation intensity can be expressed as: /;; = { 0. =0
s Pij —

3.2 Engineering change cost

Engineering changes of different parts will require different change costs. Changes in
components can be mapped to changes in nodes in the network model (node addition and deletion).
Therefore, we can evaluate the impact of customer demand change on complex product change by
calculating the change cost of node change (node addition and deletion) in the network, the cost of

Ny
node change in a network can be expressed as: C4 = ZC("f) .Where, ¢, is the change cost of node
i=1

change, N, is the total number of change nodes.

The cost details involved in the product production process include:(1) Material cost:It refers
to the cost of product standard consumption, supporting raw materials, product accessories and
various materials used for production or providing services. It mainly includes the purchase price,
related taxes, freight, loading and unloading fees, insurance premiums and other costs that can be
directly attributable to the acquisition of materials. (2) Labor cost:It refers to the remuneration and
other expenses paid to employees which in order to obtain the services provided by employees. It
mainly includes the salary, bonus, allowance, welfare, education fund and so on. (3)

Manufacturing cost:It refers to energy consumption, manufacturing accessories, labor insurance,



office and fixed expenses. (4) Others: Some consumption including fuel cost, power cost, office
cost and depreciation consumed by each production unit.

3.3 Engineering change time

In the process of engineering, change of different parts needs different change time. The node

N/\
change time in a network can be expressed as: T4 = zt(vi) e -
i=1

Where, b, is the change time of node change. N, is the total number of change nodes.

3.4 Engineering change profit

It refers to the positive impact obtained in the change process, such as customer satisfaction,
product performance improvement and so on. The engineering change profit can be expressed as:

N/\
Iy= zi(vi) .Where, U, is the engineering change profit of node change. N, is the total number of
i=1

change nodes.

The impact evaluation indexes are as shown in Figure 4.
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Fig.4 Evaluation indexes of engineering change impact



4. Grey relational evaluation model based on three-parameter interval grey
number
4.1 Three-parameter interval grey number

From the definition of three-parameter interval grey number, it can be known that it refers to
the interval grey number where the center of gravity point with the greatest possible value is
known. It can be marked as A(®)= [c_z, a,a ], where, a<a<a,k a. a are the the upper and lower

limits of the interval respectively. a is called the "center of gravity" point.(Wang and Dang, 2019)

When two of the three parametersa . a . a are the same, the three-parameter interval grey
number degenerates to the interval grey number. When a=a =a , the three parameter interval
grey number degenerates to the real number. In fact, the interval grey number and the real

number .are special cases of the three-parameter interval grey number.

Its algorithm is similar to interval grey number. Let three-parameter interval grey number

A(®)=[a.a.a], B(®)=|pb.b], then

A®)+B(®)=|a+b,a+b,a+b]

JA®)=[a,2a, 2a), A>0

4.2 Three-parameter interval grey number grey relational model

Suppose that there are n alternative engineering change schemes. They constituted by

evaluation schemes setA={a],a2,A ,an}, The index set5={sl,sz,/\ ,Sm}is composed of m

attributes. The index value of scheme ¢@; under the evaluation index §;can be expressed as

u;(®)= [Zij’ﬁzj’ﬁtjrﬂlj Suy <w,i =1.2,A ,n;j=12,A ,m) The effect evaluation vector of each scheme is

u; (®)= (uy (®) 5 (®)A L, (®))i=12,A ,n . The weight of index under each scheme is

Wi Win, A W, , and Zwij =1 =12....n)  There are different attribute indexes with different
=

dimensions and measurement standards. In order to increase the comparability of alternatives, it is

necessary to normalize the effect evaluation vector of decision alternatives. In this paper, we use

the range transformation method to normalize the decision matrix.

For profitable attribute values:

_ A} ~ ) — —MV
_=ij Zj ~ uj E] o= ij L) 1
Ypy=— v Nt v 0TV M
uj—u; uy—u; =J

For cost attribute values:



o y *
J y ~ J i = _ ] i
Zij = . v xij = — xij —k v (2)
wj—uj wj—uj s
Where, u? =max{17--} u’ = mm{g} j=12,A ,m.
I iisn Y 9P =T gign S0 e
Let the normalized effect evaluation vector be:
%(®)=(x1(®) 32 (®)A %, (®))i =12.A .n 3)

Where, X; (®) € |_x i 2 Xijs xl,J is a three-parameter interval grey number in [0,1]

Recorded that Ej :max{),‘;j} xj —max{xu} Xy —max{ x; = mm{ } = on ;ij},

I<i<n ’ 1<i<n I<i<n 1<i<n

Xj = 1‘2‘3"5:‘;‘ }(j =L2.A ’m). Then the m-dimensional three-parameter non negative interval grey

number vectors
(@)= {5 (®) x; (@A .35 (®)), (©)=hi @) 5@ (@) @

are called ideal optimal scheme effect evaluation vectors and critical scheme effect evaluation

vectors respectively. Sun et al.(2020)2%]

We assume that the grey interval relational degree of the normalized effect evaluation vector
X; (®)of scheme A; with respect to the ideal optimal scheme effect evaluation vector x* (®)is
G(x+ (®) X; (®)) .And the grey interval relational degree of critical scheme effect evaluation vector
x~(®)is G(x*(@), X; (®)).Assume that the weights of two grey relational degrees are @, @,

(o +a; =1).Then,
G(x(®))= qu(x+ (®)x; (®))+ o [1 - G(x* (®)x; (®))1i =1,2,A ,n (5)

is the three-parameter grey interval linear relational degree of the effect evaluation vector x; (®).

G(x(®))= [G(x+ (®).x (®))]‘z‘ + [1 - G(x‘ (®).x (®))]”2 JA=12A ,n (6)

is the three-parameter grey interval product relational degree of the effect evaluation vector

Xi (®)

The distribution probability of barycenter point with the highest probability of taking the
value of three-parameter interval grey number X,J lxl,, Xij ,x,,J is f (35 ) O .Normally,
0260%.1If o<60% it indicates that the decision is wrong, and the most likely value needs to be
determined again. Based on the center of gravity, we can build a three-parameter interval grey

number relational degree evaluation model.(Yan et al. (2013)).



Definition 3  for three-parameter interval grey number x;; (®) [x U,xu,x J then

. 3 T egM” \m +nM* _mt gM*

U L N e 1—

Vi 5><A*+77M+ {( AU+77M+ A++77M+} ™)
is called the three-parameter grey interval relational coefficient of sub factor. with respect to

ideal factorxj .7 € (0 1) is the resolution coefficient. B € (0,1)is the decision preference coefficient.

Where,

P -~ A+ ¥+ 7
Al»j—xj xij|, Aij—xj xij|,

i=12,A ,m;j=12A ,m

m mmmmAl, m+ = min mmAf] m* =min min A%
= Isisni<jsm Y I<i<n1<j<m i

M* —maxmaxAl , M+—maxmaxA+, M+ —maxmaxAl*]
1<isn1<j<m ™ i I<i<n 1< j<m 1<i<n 1<j<m

6l @) x(®))= Z i =120 ®)

is called the three-parameter grey interval relational degree of the effect evaluation vector x,(®)

about the ideal optimal scheme effect evaluation vector x*(®).

Definition 4  For three-parameter interval grey number x;; (®)e lgcl.j s X X |s

+ 0=

A, +eM” Ay +eM

)

_3><T +£]\f (l—é'\m +&M ™~ m +.9M_:|

is called the three-parameter grey interval relational coefficient of sub factor. X; with respect to
ideal factoX;.7n € (0.1)is the resolution coefficient. € (0,1)is the decision preference coefficient.

Where,

iZI,Z,A ,n;j:1’29A ,m

2ij —‘—i/‘ e

m~ =min min A;; ﬁz—mmmmAU,% mmrmnA;]
- I<i<n1<j<m— 9’ I1<i<n 1< j<m 1<i<n1<j<m

M =maxmax A, M- —max max A7, M~ =max max Aj,

I<isn I<j<m U Iisn I<j<m i I<isn 1< j<m Y
m
G(x_(®),x,~(®))= > wyyigei=12.A n (10)
=1

is called the three-parameter grey interval relational degree of the effect evaluation vector x; (®)

10



about the critical scheme effect evaluation vector x~(®).
4.3. Determination of weight

At present, scholars attach great importance to the development and application of subjective
and objective empowerment methods in the research of evaluation. The subjective weight reflects
the subjective willingness of the evaluation subject, and highlights the degree of distinction
between the evaluation objects through index data information. The combination of them will
make the result more objective. In this paper, the simplified BWM subjective weighting method
and the Gini coefficient weighting method which can better reflect the data difference information

are selected for combination weighting.
4.3.1 Determination of weight based on BWM

BWM(best-worst method) is a new method to determine the subjective weight of index
proposed by Rezaei in 2014. The most frequently used method in the multiple indexex evaluation
is AHP method. In AHP method, any two indexes are usually compared with each other to get the
evaluation matrix of indexes, which needs n(n-1)/2times of comparison. The calculation process
of it is complicated and will cause certain errors. However, BWM only needs 2n-3 calculations
by selecting the best and the worst indexes and comparing them with other indexes. It simplifies
the complicated process of AHP, greatly reduces the amount of data, reduces the mistakes caused
by too much data, makes it easier to pass the consistency test, and improves the reliability. The

calculation steps are as follows:( Behzad et al.(2020))

(1) The best index X and the worst index Xy, are selected according to experts’opinions in

index set X = {x,x3,...x, -

(2) Experts use 1-9 point scale to score and determine the importance of other indexes
relative to the optimal indexes. We construct the comparison vector Cs =(Cpp CpysCp ) Cp;
represents the importance of the optimal index compared with index j . 1 means CgandCs; are

equally important. 9 means Cgis extremely important than Cs; .

(3) We need to determine the unimportance of other indexes relative to the worst indexes
and construct a comparison vector Cy, =(Cy,, Cgy, ... C jw)T . Where, C w Tepresents the least
importance of the worst index compared with index j. 1 means C;, and C,, are equally unimportant.

9 means C},, and C,, are extremely unimportant.

(4) From the goal programming model, a mathematical programming formula is established

and solved to obtain the optimal index weight wj = Cy@rer @) .



j %_“B.i”

- 11
2.
S.t. — =1

J
®;20,j=12..n

minmax{

Where, @pis the weight of Cg, Cjis the criterion vector. @;is the weight of C;. @pis the weight

of Gy .4B;represents the importance of Cpto C; ; aw represents the importance of C; to Gy .

It can be transformed to

<k
,j=12,..,n (12)

s.t.

(5) Calculate the consistency ratio. The obtained K can be represented by g™, and the

. . . . . k
consistency ratio Cr (C1 is the given value) can be obtained from Cy = -
1

The closer of the value is to 0, the better the consistency. When it is 0, it is consistent. If

there are p experts participate in the judgment, the final weight will be calculated by weighted

P
a
2.
a=1 :

p

average, and the final weightis _,
;=
J

4.3.2 Weight determination method based on Gini coefficient
(1) Principle of Gini coefficient weighting method

Gini coefficient weighting method is an objective weighting method by calculating Gini
coefficient of evaluation index and normalizing Gini coefficient of each index. First of all, the
different data of n evaluation objects of a specific evaluation index can be regarded as the income
of different levels people. Then the Gini coefficient of a certain index can be calculated. The value
of Gini coefficient can reflect the data difference between different evaluation objects. Then, In
order to ensure that weight of all indexes are in the range of 0 to 1 and the sum is 1, the Gini
coefficient value of each index will be normalized to get the Gini coefficient weight of the

evaluation index. Zahng et al.(2020).

(2) Gini coefficient weight’ calculation of evaluation index .

12



We assume that G, is the Gini coefficient of the kth index, Y} is the ith data of the kth index,
and p K. K is the expected value of all data of the kth index. Then the Gini coefficient G, of the

kth index is shown as follows:

G, :ZZ‘JYH —ij|/2n2,uk (13)

i=1 j=1

G, :ii|Yki—ij|/(n2—n) (14)

i=1 j=1

Especially, when the mean value of index data is not 0, the Gini coefficient is calculated by
the improved formula (13).When the mean value of the index data is 0, the Gini coefficient of the
index is calculated by the original formula (14). Gini coefficient of the index truly reflects the data

changes of different evaluation objects of the index.

Gini coefficient weight g, of the k th index can be obtained by normalizing the Gini

coefficient value of each index:

g =G /) G (15)
i=1

Where, g, is Gini coefficient weight of the kth index, G, is Gini coefficient value of the kth

index, and m is the number of indexes.

The advantages of Gini coefficient weighting method are as follows: first, the weight
calculation is not affected by the unit dimension of the index, the definition of Gini coefficient
itself eliminates the dimensional influence. Second, Gini coefficient value of the evaluation index
reflects the difference between any two evaluation objects. Gini coefficient weight reflects the
difference between the data of different evaluation objects of an index. And the weight reflects the

data information of the index, which meets the requirements of the objective weighting method.
4.3.3 Combination weighting method based on BWM-Gini coefficient

The BWM method determines the index weight according to the subjective preference of the
evaluator, and the method of Gini coefficient determines the objective index weight. In order to
fully reflect the advantages of the two methods, from the subjective and objective point of view,
this paper combines BWM method and Gini coefficient method to determine the comprehensive

weight of the evaluation index by linear weighting:

L N (I T TR i (16)

Where, W;" is the comprehensive weight of the decision uniti, ¢ is the subjective preference
coefficient,1-& is the objective preference coefficient($ € [0,1] ), and the specific value of¢is
given by the decision maker according to personal preference.

13



4.3.4 Steps of complex product engineering change impact evaluation based on
three-parameter grey relational degree

To sum up, the three-parameter interval grey relational evaluation algorithm of complex

product design change is as follows:

Step1:Constructed the model of complex product change representation based on multi-stage

complex network model.
Step2:Determine the evaluation index.

Step3:Standardize the original three-parameter interval grey number effect evaluation index,

and obtain the standardized effect evaluation vector formula of each scheme.

Step4:Solve the ideal optimal solution for the decision-making problem and the effect

evaluation vector x*(®) and the critical solution x~(®) .

Step5:0Obtain the three-parameter grey interval relational coefficient vector of each scheme,

the ideal scheme and the critical scheme.

Step6:Solve the BWM and Gini coefficient models, and obtain the weight of each scheme

under different attributes.

Step7:Calculate the three-parameter interval grey number relational degree G(x*(®). x,(®)) and
Glx-(®), x;(®)\i =1.2,A ,n) between each scheme and ideal scheme and critical scheme, and
calculate the three-parameter grey interval linear relational degree or three-parameter grey interval
product relational degree G(x,;(®))i =1,2,A ,n) of each scheme.

Step8: The schemes are sorted according to the relevance degree G(x;(®))i =1,2,A ,n). The

scheme corresponding to the maximum correlation degree is the optimal one.

The flow of this algorithm is shown in the Figure 5.
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Fig.5 Three-parameter interval grey number grey relational evaluation model algorithm
5. Case study

The high-speed permanent magnet synchronous frequency conversion centrifugal high-power
chiller of G enterprise is a typical complex product. (It is shown in the figure 6.a. )The unit has
reached the “international leading”level, the annual comprehensive efficiency of the unit has been
increased by more than 65%, and the energy saving has been more than 40%. Large units involve
many parts and complex products. When engineering change occurs, there are many related
impacts occur. This paper analyzes the engineering change of high speed permanent magnet
synchronous variable frequency centrifugal compressor of its large unit. The composition and
structure of main parts are shown in the Figure 6.b. The main parts of permanent magnet

synchronous centrifugal compressor are shown in Table 1.
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(a) Physical picture of large permanent magnet

synchronous centrifugal unit

(b) Sectional view of permanent magnet synchronous

centrifugal compressor

Fig. 6 Large permanent magnet synchronous centrifugal unit and permanent magnet

synchronous centrifugal compressor

Table 1 Main parts and node name of permanent magnet synchronous centrifugal compressor

Node parts Node Parts
Vi mainshaft Vi3 Bend casing
V2 impeller rim1 Vig Curved separator
Vs Roulettel Vis refluxer separator
refluxer
V4 Bladel Vie
flow channels
Vs shrink-ring Viz volute
Vs fixed collar Vis impeller rim2
\% balance disc Vig Roulette2
Vs reinforcement on the back of impeller Voo Blade2
Vo thrust disc Vai stator winding
Vio axle sleeve Vo stator core
Vi suction chamber Vo3 foundation
Viz diffuser Vo p-m rotor

It is known that part 4 needs to be improved due to increased customer demand. There are 4

changed routes, and the impact evaluation of the changed routes is carried out. The four routes are

as follows:Engineering change node route 1:4-3-2-6-5-7-9;Engineering change node route

2:4-3-2-5-8-1;Engineering change node route 3:4-3-15-16-17-24;Engineering change node route
4:1-2-3-4-14-22

The physical schematic diagram of the change routes are shown in Figure 7.




Change N
= &9 B = adl @
Balance disc c

Bladel Roulettel Impeller rim1 Fixed collar Shrink-ring Thrust disc

. B
Change w -
route 2 _—q.',_
forcemer B evet
back of impeller  Reinforcement

Bladel Roulette Impeller rim1 Shiiakaing Reinifor i oa
the pelle

Fig. 7 Physical schematic diagram of the change routes
The normalized three-parameter interval grey number evaluation matrix is:

[0.59,0.63,0.65][0.61,0.63,0.65][0.80.0.82,0.83][0.60.0.65,0.70]

| [0.67,0.85,1.00][0.67,0.70,1.00] [0.73.0.81,1.00][0.00,0.73,0.75]
(©)= [0.00,0.73,0.74][0.72.0.76,0.79]0.00,0.62,0.63][0.64,0.76,0.79 ]
[0.53,0.55,0.59][0.00,0.63,0.69][0.57.0.58,0.60][0.70,0.74.1.00 ]

According to formula (4), the effect evaluation vectors of ideal optimal scheme and critical

scheme are obtained:

x"(®)=([0.67,0.85,1.00},[0.72,0.76,1.00].[0.80,0.82,1.00].[0.70,0.76,1.00])
x~(®)=([0.00,0.55,0.59],[0.00,0.62,0.65].[0.00,0.57,0.60},[0.00,0.65,0.70])

The weight matrix obtained by expert BWM method is as follows:
W = (wy, wy, w3, wy ) =(0.37,0.16,0.32,0.14)

The weight obtained from Gini coefficient is as follows: W = (w;, w,, w3, wy ) =(0.33,0.11,0.31,0.25)

Then we can calculate the comprehensive weight. this paper takes the preference coefficient
0.4. W, =0.6Wp +0.4W, can be obtained from formula (17). Then we can get the comprehensive

weight: W = (wy, wy, w3, wy )= (0.35,0.14,0.31,0.18)

According to equation (8) and equation (10), the grey interval relational degree of each

scheme with ideal optimal scheme and critical scheme is obtained as follows:
G(x+ (®)x (®))= 089 G()f (®).x (®))= 08 , Gx*(®)x,(®)=072 G()f (®).x, (®)): 0.67
G(x+ (®).x3 (®)): 0.82 , G()f (®), x5 (®))= 0.54 G(x+ (®) x4 (®))= 074 G(x‘ (®).x, (®))= 0.80

The three-parameter grey interval linear relational degree of each scheme is calculated by
equation (5): G(x(®))=0.53, G(x,(®)=0.67, G(x(®)=048, G(x,(®))=043

According to the linear relational degree of three-parameter interval grey number, we can
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find that the most relevant to the ideal optimal scheme is scheme 2. Change node route2 is
4-3-2-5-8-1:bladel-roulettel-impeller ~ riml-shrink-ring-reinforcement on the back of
impeller-mainshaft. The physical schematic diagram of the change route 2 is shown in Figure 8.

We can find that the choice of engineering change route is in line with the reality.

Reinforcement on
the back of impeller

Bladel Roulettel Impeller rim1 Shrink-ring Reinforcement

Fig. 8 Physical schematic diagram of change route 2
6. Conclusion

Based on the multi-stage complex network, this paper describes the change impact of
complex products, and constructs the evaluation index system. The three-parameter interval grey
relational model is improved and applied to change impact evaluation. The research of this paper
realizes the objective evaluation of the impact of change. It makes up for the problem that the
traditional impact evaluation research mainly depends on the experience of designers. The three
-parameter grey relational model is used to evaluate the change impact of complex products,
which improves the accuracy of the evaluation of impact on complex product engineering change,
and makes up for the shortcomings that the results are not accurate enough to fit the actual
situation in the current study of change impact evaluation based on real number model. In addition,
the three-parameter interval grey number is more in line with the actual situation in the process of
complex product change. Compared with interval grey number, it highlights the "center of
gravity" point with the greatest possibility of grey number value, and makes up for the lack of
"information" of grey number. Based on the analysis of the classic three-parameter interval grey
relational evaluation model, this paper studies the problem of the weight value. Considering from
both subjective and objective aspects, the scientific combination of BWM weighting method and

Gini coefficient weighting method is feasible and more fair and objective.

On the basis of evaluation system of the complex product change propagation impact, further
research work can be carried out in the future. For example, we can combine multi-stage network
with product engineering, behavior, structure and other elements to form a complete change
evaluation system. Then we can preferably improve the efficiency of product engineering change
decision-making and apply the three-parameter interval grey relational evaluation model to

complex product.
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Figure 6

(a) Physical picture of large permanent magnet synchronous centrifugal unit (b) Sectional view of
permanent magnet synchronous centrifugal compressor
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Physical schematic diagram of the change routes
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Physical schematic diagram of change route 2



