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Abstract. The purpose of this study is to propose a multi-objective decision
making optimization method based on subjective and objective empowerment
optimization. This paper intend to achieve the evaluation of turbocharged diesel
engine EGR performance. First, the main diesel engine EGR parameters were
selected as decision target and corresponding experimental data are used as
effect sample matrix to establish the initial multi-objective-making model. The
characteristics and optimization requirements of turbocharged diesel engine
EGR are considered. Secondly, the expert scoring, grey correlation analysis are
used to solve the optimized weight vector. Finally, the optimized decision-
making model was established to explore the intrinsic objective relationship of
EGR evaluation index parameters and give the best evaluation and optimal
decision. The results show that the optimized method can successfully solve the
turbocharged diesel engine EGR performance evaluation and optimal decision
problem, which can provides theoretical support and reference for the further
optimization of EGR.
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1 Introduction

As one of the effective ways to reduce NOx pollutants emissions, exhaust gas recir-
culation (EGR) has been widely used in marine turbocharged diesel engines. The main
process is to introduce a part of exhaust gas into the intake pipe, mixed with fresh air
and enter the cylinder to re-enter the combustion process [1-3]. The key to the EGR
technology is to introduce enough exhaust gas into the intake pipe and give the best
EGR rate according to the different operating conditions of the engine [4, 5]. Due to the
effect of different EGR rates on diesel engine performance and emissions is different.
Therefore, the power, economy and emission performance of diesel engine must be
taken into account in determining the optimal EGR rate. The basic principle of EGR is
to reduce NOyx emissions as much as possible, while have a minimal impact of other
pollutants emissions.
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At present, the general approach is to obtain the operating parameters of the engine
through a large number of tests, then analyzing the test results synthetically to specify
the corresponding determination principle. Such as Shuai [4], Zhang [5], taking 13
working point particles do not exceed the principle of the original machine. In the
determination of the best EGR rate. Because of the subjective judgment and the pur-
pose of the decision-maker is different, the current decision-making principles are not
the same. There is a common shortcomings that is subjective factors are too strong and
lack a clear theoretical support and guidance. Therefore, it is inevitable that the sub-
jective judgment will bring the error and affect the final selection result. Obviously the
EGR performance evaluation can be seen as a typical multi-objective decision-making
problems. Therefore, the multi-objective grey situation decision-making method is
used. As an important branch of grey theory which is a classic artificial intelligence
method, the multi-objective grey situation decision making theory has unique advan-
tages in decision-making problems for selecting the best scheme for a number of
programs [6], which has been widely used in aerospace, electronic and other fields
because of its low computational complexity and high recognition effect [7-12].
Currently, more and more scholars have considered to seek the optimization of
decision-making model [11-13], to improve the reliability of decision-making results,
However, different optimization methods are only suitable for some specific issues. By
reviewing the relevant information, we have not found the clear literature on the EGR
performance evaluation and the optimal EGR rate of the turbocharged diesel engine,
and the related theoretical guidance is also less, so it is necessary to explore the subject
of this study.

In summary, in order to solve the EGR performance evaluation and optimal
decision-making of the turbocharged diesel engine, an optimized multi-objective grey
situation decision-making method is proposed. This method makes use of the advan-
tages of traditional grey decision, grey relational analysis, while combining the char-
acteristics and optimization requirements of diesel engine EGR performance, which
can explore the intrinsic association between different EGR performance parameters
and the ranking of different EGR schemes can be obtained. The results show the this
approach can successfully applied to EGR performance evaluation problem and the
evaluation results is reasonable, Which has certain theoretical reference and guidance
significance for the optimization of turbocharged diesel engine EGR performance.

2 Preliminary Knowledge

2.1 Multi-objective Grey Decision-Making

The main components of the traditional multi-objective grey decision model include
event set, strategy set, situation set, decision goal and decision weight.

First, Construct the corresponding set of situations according to the event set and
the strategy set. Assume that A = {ay,a;---a,} is the event set, the strategy set is
B ={by,by---by}, the situation set is s = {s; = (a;,b;) |a; € A,b; € B}, and the

()

w; (i=1,2---,n; j=1,2,---m) is the effect sample value of the situation under the

target.
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Secondly, Choose targets and each target needs to determine its effectiveness
measure:
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called upper effect measure, which mainly used to measure the degree of albino value
deviated from the maximum whitening value;

min m_in{ul(.jk>}
r(k> = 71 J (2)
ij ®

Ujj

called lower effect measure, which mainly for the degree of albino value deviation from
the lower limit;
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called medium effect measure, where Uiy is the moderate effect of the specified effect

under the target.

These three measures are applicable to different occasions: If you want the situation
the bigger the better, you can use the upper effect measure; if you want the smaller the
better the loss of the situation, then the lower effect measure can be chose, if you want
the effect to be near a specified value, use a medium effect measure.

Thirdly, solve the consistent effect measure matrix of situation set according to the
effect measure of each target.

k k k
r%lﬁ r% rig
k
RK® — (ri(j)) — |\ T . Ty (4)
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where, r{j = (ri(jl), rlgjz), cey r§j3)) is called the consistent effect measure vector of situa-

tion s;; under target k.
N

The fourth step is to Establish decision weight ,(k = 1,2, --s), where > n, = 1
k=1
and solve integrated effect measure r; and integrated effect measure matrix of

situation s

S k
= ery (5)
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At last, if max{r;} = ry,, then called b, is the optimal strategy to event a;; if
1<j<m

max{r;} = r;, then called a;, is the optimal event to strategy b;; if max{r;} = r;;, then
1<j<m 1<j<m

called s;,j, is optimal situation.

2.2 Grey Correlation Analysis

Grey relational analysis theory is an important branch of grey system theory [13, 14].
The linearly interpolated method is used to transform the discrete behavior observations
of the system factors into the polylines of segmented readings, then construct the model
of measure degree according to the geometric feature of the polyline.

The basic steps of the grey relational model are as follows:

Step 1: the original sequence

XO(I) = {XO(I),X()(Z), e ,Xo(l’l)}

is specifies the reference data sequence, also called the parent sequence.

Xi(t) = {xi(l)axi(2)7 o ,.Xi(i’l)}

is the sequence of data to be compared, also known as the sub sequence;

Step 2: make &;(k) is the correlation coefficient for sequence X (f) and X;(#) at time
k:

min rr?n |xo(k) — x;(k)| + 0.5 max max |xo (k) — x; (k)]

oK) — % (0] T 0.5 max max [xo(K) — (k)] @

fi(k) =

where 0.5 is the resolution factor, usually between 0-1.

Step 3: Calculate the average of the correlation coefficients at each time of sequence
X;(1), i.e. the degree of correlation of the subsequence X;(¢) to the parent sequence
X()(t )Z

T :%Zéi(k) (8)
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3 Optimization of Decision-Making Target Weights

In the traditional multi-objective grey decision model, the target weight is usually
determined by the subjective weighting method. Although the method can play the
expertise or experience of experts or technical staff and has a certain degree of pro-
fessionalism, it will have an impact on the evaluation decision results because of its
great subjectivity and arbitrariness. Therefore, the optimization of the target weight has
become the focus of this paper.

3.1 Evaluation Target Selection

First, it is need to establish select the evaluation target. Due to the effect of different
EGR rates on the diesel engine combustion and emissions is different, the selection of
evaluation indicators should be take into account the combustion and emission per-
formance of the diesel engine as much as possible. In this paper, the fuel consumption
rate, in-cylinder explosion pressure, NOx, smoke and CO were selected as the eval-
uation targets. Since the main purpose of EGR is to minimize the emission of NOyx
pollutants, so define NOy as the main decision-making target, the other four indicators
for the secondary decision-making target.

The determination of the optimal EGR rate is essentially the search for the best
compromise between diesel engine combustion and emissions performance, and how
this compromise is reflected in the optimization model is the primary consideration.
Considering the important role of target weights in decision-making model, in the
optimization model, a compromise between diesel engine combustion and emission
performance can be achieved By adjusting the target weight vector 1, (k = 1,2,3,4,5),
where k respectively on behalf of the fuel consumption rate, cylinder burst pressure,
NOy, smoke and CO.

3.2 Establishment of NOx Index Weight

Taking into account the main purpose of EGR, which is to effectively reduce the NOy
emissions. Therefore, the expert scoring is used firstly to customize the target weight of
NOy according to the different conditions of the diesel engine. By repeating the trial
and reviewing the information, the rules are as follows:

I. When the diesel engine is at a low load conditions (this article defines < 50%
load), NOx emission concentration is low and in order to ensure the stability and
economy of diesel engine, it is suitable to choose a lower EGR rate, thus make the
NOy weight n; = 0.4.

II. When the diesel engine is at a high load (this article defines > 50% load), the NOx
emission concentration is high and in order to ensure the necessary emissions, it is
suitable to adopt a higher EGR rate, thus make the NOyx weight = 0.5.
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3.3 Establishment of All Index Weight

Based on the importance of other indicators and NOx_ this paper introduces the gray
relational analysis method to solve the other index weights. The corresponding NOyx
values (including the original machine value) at different EGR rates were used as the
parent sequence, while the other four evaluation indicators corresponding to the value
(including the original machine value) as a sub-sequence, then the correlation coeffi-
cient r;(i = 1,2,3,4) between the other four evaluation indexes and NOx index was
solved by grey relational analysis. At last, the correlation coefficient between the
primary and secondary decision goals can be obtained:

rp = ! (9)

Solve the initial subjective weight vector. Known as #; and r;, the other four
decision-making target weight value n,(k =1,2,4,5) are solved by the formula
ri(1 — n3), and then the initial subjective weight vector is constituted.

4 Establishment of Optimization Model

For EGR performance evaluation and decision making:

Event set A = {a;}, i.e. the event is the best EGR rate decision.

Strategy set B = {by,b,---b,} consist of m decision-making program and b,,
represent different EGR rate.

The decision-making evaluation targets are the fuel consumption rate, in-cylinder
explosion pressure, NOx, smoke and CO and their corresponding weights are,
N1 M2s M3, M4 and 7s.

The situation of each EGR rate is carried out under the same experimental con-

ditions, and ugc) is represent the measurement value corresponding to each decision
objective under different conditions for different EGR rates. That is, the experimental
value of different parameters. As far as EGR performance evaluation indicators are
concerned, fuel consumption, cylinder burst pressure, NOx, CO and soot are the
smaller the better, so choose the lower effect measure.

Specific decision modeling steps are as follows:

Step 1: Develop the effect sample matrix ufjk)(i =1,2---,n;j=1,2,---m), which
is composed of the experimental data corresponding to different EGR rates at
different working conditions. And solve the consistent effect measure matrix
according to (1)—(3).
Since the event n = 1 in this article, the effect sample matrix under different targets
can be merged into a new matrix:
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uyip U2 Uim
u u ... l/l

() =720 2 (10)
Un1 Up2 Upnm

where, The abscissa i represents each target and ordinate j represents different EGR
rates.
Step 2: Solve the optimized weight vector 1, (k = 1,2,3,4,5).
Step 3: Substituting #, into (5) to obtain the corresponding comprehensive effect
measure matrix.
Step 4: According to the principle of optimal decision, the advantages and disad-
vantages of different EGR schemes are sorted and the optimal EGR rate is obtained.

S Test Validation and Result Analysis

5.1 Acquisition of Test Data

In order to verify the effectiveness of the optimization method, taking a certain type of
turbocharged diesel engine as the research object.
The main technical parameters of diesel engine are shown in Table 1.

Table 1. Main technical parameters of TBD234V12

Project Parameter

Power/kW 444 (1800 r/min)
Cylinderbore/mm x stroke/mm | 128 x 140

Compression ratio 15:1

Cylinder arrangement V-shaped 12-cylinder 60° angle
Combustion chamber type Direct injection w type

The test included low, medium and high three speed test and each speed in turn
selected 25%, 50%, 75% load, a total of 9 working conditions, Part of the operating
point test data is shown in Table 2. cgr, fc, co, no, soot and cbp represents EGR rate,
fuel consumption, CO, NOyx, soot and cylinder burst pressure in Table 2.

5.2 Analysis of Results

I. low load conditions
OP1 and OP2 are the low speed 50% load and medium speed 25% load, respectively.
Taking OP1 as an example, EGR rates were 2.2%, 4.6%, 7.5%, 9.8% and 11.5%. The

effect sample matrix u;k) is base on experimental data under different EGR rates:
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Table 2. Part of the operating point test data

op

cgr |fc

co

no

soot

cbp

OP1

OP2

OP3

OP4

0 236.3 | 309

22 | 241.

6|316.57

1093
1104.5

0.045
0.063

7.6462
7.2545

4.6 |242.7|335.53

7.5 |243.

91366.7

9.8 |246.9 427.84

11.5|248.

71503.62

0 230.1| 188
1.5 |230.5|196.2
4.5 2346|2113

7.8 |236.
9.5 |242.

1{229.4
91273.5

12.6 | 244.3 | 380.6

0 212.

91268

1.7 |214.7 | 286.53

4.2 |217.
74 | 218.

91304.76
21{329.89

9.1 |220.8 366.54
11.8|224.3 1426.71
0 200.4 | 160

1.6 | 199.
3.9 |202.

7.5 |205

9.7 | 209.
11.1|212.

81156.4
31164.2
172.2
21206

2(312.3

1002.6
943.5
890.65
783.6
825
783.2
743.2
669.1
543.5
497.4
1438
1432
1351.6
1185
1069.4
994.2
2186
2101
1894
1653
1521
1465

0.088
0.084
0.12
0.27
0.035
0.041
0.049
0.053
0.09
0.27
0.108
0.11
0.13
0.15
0.21
0.33
0.093
0.1
0.13
0.148
0.165
0.32

7.2108
7.1393
7.0167
6.9568
6.6859
6.5428
6.3595
6.3052
6.0485
5.9274
9.5091
9.1568
9.0763
8.8016
8.7569
8.5597
10.8
10.5505
10.4165
10.2256
10.0584
9.8568

241.60
7.2545
1104.5
0.0630
316.57

242.70
7.2108
1002.6
0.0880
335.53

243.90
7.1393
943.50
0.0840
366.70

246.90 248.70
7.0167 6.9568
890.65 783.60
0.1200 0.2700
427.84 503.62

45

Among them, the abscissa represents the fuel consumption rate, CO, NOx, soot and
in-cylinder burst pressure respectively. Ordinate j represents different EGR rates, such
as the first column representing an EGR rate of 2.2%.

Step 1: first solve the consistent effect measure matrix:
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1.0000
0.9590
0.7095
1.0000
1.0000

0.9955
0.9648
0.7816
0.7159
0.9435

0.9906
0.9744
0.8305
0.7500
0.8633

0.9785
0.9915
0.8798
0.5250
0.7399

0.9715
1.0000
1.0000
0.2333
0.6286

Step 2: solve the initial subjective weight vector. Since OP1 belongs to low load
operating point, 13 = 0.4. Determine the grey association sequence:
Mother sequence:

X0 =[1093 1104.5 1002.6 943.50 890.65 783.60]

Subsequence:

=1[236.3 241.60 24270 24390 246.90 248.70]

=[7.6462 7.2545 7.2108 7.1393 7.0167 6.9568]
X3 =1[0.045 0.0630 0.0830 0.0840 0.1200 0.2700]
X4 =[309 316.57 335.53 366.70 427.84 503.62]

The correlation coefficient between the other four evaluation indexes and the NOx
index are respectively:

=[0.9684 0.9926 0.7038 0.7398]
the initial subjective weight vector:
n, =[0.1707 0.1749 0.4000 0.1240 0.1304]

Step 3: The comprehensive effect measure matrix is solved and the advantages and
disadvantages are sorted according to the optimal principle:

R =1[0.8766 0.8631 0.8573 0.8539 0.8516]

It can be seen from the result of OP1 operating conditions, the performance
ranking of different EGR rate is:

2.2% > 4.6% > 7.5% > 9.8% > 11.5%

It is shown that the optimal EGR rate is 2.2% for this condition, and when the
EGR rate is higher, the comprehensive performance evaluation value decreases
obviously, so a smaller EGR rate should be adopted.

Similarly, the performance ranking of different EGR rate at OP2 conditions can be
obtained:
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R :[0.8384 0.8219 0.8332 0.8125 0.8102}
1.5% > 7.8% > 4.5% > 9.5% > 12.6%

which indicates that the optimal EGR rate is 1.5% at this condition, and when the
EGR rate is higher, the comprehensive performance evaluation value is obviously
decreased.

It can be seen from the result of OP1 and OP2 that a lower EGR rate should be
adopted when diesel engine in low or medium speed, low load conditions. Mean-
while, the comprehensive evaluation value is obviously decreased while the EGR rate
is higher. Analysis of the reasons is that when at low load, the NOy pollutant
emissions is low, part of the dynamic performance of diesel engines will be consumed
if the EGR rate is too high. In order to ensure the economy and power of diesel
engines, it is appropriate to reduce the EGR rate.

II. High load conditions

OP3 and OP4 represent the medium speed 75% load and high speed 75% load,
respectively. Let = 0.5 and through the simulation calculation, thus the comprehensive
effect measure matrix of OP3 and OP4 are as follows:

OP3:[0.8324 0.8323 0.8675 0.8821 0.8886]
OP4:[0.8392 0.8470 0.8890 0.9024 0.8604 ]

the performance ranking of different EGR rate at OP3 and OP4 conditions can be
obtained:

OP3:11.8% > 9.1% > 7.4% > 1.7% > 4.2%
OP4:9.7% > 7.5% > 11.1% > 3.9% > 1.6%

As can be seen from the results of OP3 and OP4, with the increase of EGR rate, the
comprehensive evaluation value increases, which indicates that the higher EGR rate
should be adopted under high speed and high load conditions.

In summary, it can be seen from the above assessment and decision-making results.
When working at the low or medium speed, low load conditions, due to the lower NOx
emission concentration, it is appropriate to use a smaller EGR rate to balance the power
and economy of diesel engines. While working at high load conditions, the NOx
emission concentration is high and in order to ensure the emissions performance, a
higher EGR rate should be adopt. With the increase in speed and load, it is appropriate
to increase the EGR rate. This is consistent with the characteristics of EGR perfor-
mance of the current turbocharged diesel engine and also shows the effectiveness of the
optimization method.

Although the optimization model can be effectively implemented and successfully
applied to the EGR performance evaluation and decision making of turbocharged diesel
engine, it needs to be further improvement. Such as limited by the test conditions, it is
temporarily unable to obtain more work points corresponding to the data, So that there
are some defects in the optimization model, such as method of determining the initial
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subjective weight still need more data points to amend etc., which is also the next step
to continue to study.

6 Conclusion

Aiming at the problem of EGR performance evaluation and optimal decision-making of
the turbocharged diesel engine, an optimized multi-objective gray situation decision-
making method is proposed. This method can integrate the EGR operating character-
istics of the turbocharged diesel engine into the optimization model, which makes the
final decision result more reasonable.

The results show that when the turbocharged diesel engine is at a low load, the
difference between the comprehensive evaluation values of different EGR rates is not
significant when the EGR rate is less than 9%, and with the EGR rate increased, the
comprehensive evaluation value decreased obviously when the EGR rate is greater than
10%, thus it is appropriate to use a lower EGR rate. When the diesel engine is at high
load, when the EGR rate increases to about 7%, the corresponding comprehensive
evaluation value increases more significant, thus it is appropriate to use a higher EGR
rate.

The results show that the decision result of this method is basically consistent with
the performance characteristics of EGR, as well as the current best EGR rate deter-
mination principle. So it can be successfully applied to the decision-making problem of
optimal EGR rate under different conditions of turbocharged diesel engine.
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