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ABSTRACT−The present study attempts to address the challenges of the multiobjective optimization problem of the BSFC-
NOx-PM trade-off paradox of an existing diesel engine by harnessing the synergetic benefit of PM and BSFC reduction

through CRDI operation and simultaneous NOx reduction by EGR application. Load, FIP and EGR were chosen as the input

parameters while NOx, PM and BSFC were the response variables. In order to reduce the experimental effort, the Taguchi L16

orthogonal array technique was employed to obtain the corresponding values of the response variables. The grey relational

analysis coupled with fuzzy logic has been employed as the optimization routine. The optimal combination of the input

parameters corresponding to the calibrated values of the response variables were obtained by employing the Grey-Fuzzy

Grade and S-N ratio strategy as a performance index. The computed optimal combination so obtained were further validated

through actual experimentation. EGR was found to be the most influencing factor in the present optimization endeavour. The

study also established that the Grey-Fuzzy-Taguchi method was not only comparable but superior to the Grey-Taguchi method

usually employed for such optimization studies.

KEY WORDS : CRDI, EGR, Grey relational analysis, Fuzzy decision making logic, Taguchi method

NOMENCLATURE

BDO : baseline diesel operation

BP : brake power

BSFC : brake specific fuel consumption

BTDC : before top dead centre

BTE : brake thermal efficiency

CO2 : carbon-di-oxide

CI : compression ignition

CRDI : common rail diesel injection

EGR : exhaust gas recirculation

FIP : fuel injection pressure

GFG : grey fuzzy grade

GRG : grey relational grade

IC Engine : internal combustion engine

NOx : oxides of nitrogen

PM : particulate matter

ppm : parts per million.

 : mass flow rate of air with EGR

 : mass flow rate of air without EGR

1. INTRODUCTION

Diesel engine based technology in the present millennium

has undergone a paradigm shift in its perspectives to meet

the increasingly stricter emission directives on one hand

and consumer expectations of superior fuel economy on

the other. Research studies to meet this ubiquitous Soot-

NOx-BSFC trade-off dilemma of a diesel engine have

concurred on the pivotal significance of the injection

system on the emission and performance profile of a diesel

engine (McGeehan et al., 2005; Johnson, 2008, 2010,

2011; Zhao, 2010). Common Rail Diesel Injection systems

with their inherent ability to provide complete freedom of

injection timing, injection pressure and amount of fuel

injection, have spearheaded the technological renaissance

(Badami et al., 1999; Suh, 2011) in diesel injection

characteristics of the present day. Studies exploiting the

advantages of CRDI systems have concluded its efficacy in

drastically reducing BSFC and the conventional soot

emission precursors as compared to conventional diesel

operation (Balusamy and Marappan, 2010; Nagata et al.,

2004; Shimazaki et al., 2003; Pickett and Siebers, 2004;

Minato et al., 2005). However, such benefits are penalised

by unacceptable increase in NOx emissions (Badami et al.,

1999; Desantes et al., 2004; Pierpont and Reitz, 1995).

Thus a situation is created wherein the premium of lower

Soot emissions and fuel consumption footprint of a CRDI

system is compromised by the penalty of higher NOx

emissions, a scenario which has been often been cited

(Badami et al., 1999; Bose et al., 2013; Desantes et al.,
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2004; Pierpont and Reitz, 1995; Payri et al., 2006). In order

to contain the consequence of NOx emissions while

retaining the incentives of lower soot and fuel consumption

on CRDI systems, EGR application strategies have been

observed (Reitz, 1998; Ladommatos et al., 1998; Roy et al.,

2014a; Hountalas et al., 2008; Maiboom et al., 2008) to

provide a simple yet efficient solution as compared to the

cost and operational challenges of NOx after-treatment

systems (Reitz, 1998; Johnson, 2006; Cooper et al., 2006).

The increase of parametric variability on conventional

diesel platforms as provided by the CRDI and EGR

systems need to be suitably attuned to obtain the desired

optimal responses. Thus a methodology is needed to be

adopted wherein the optimal exploration of the design

space can be performed with reduced yet experimentation.

To this end the Taguchi methodology provides an effective

and established (Saravanan et al., 2010; Saravanan et al.,

2013; Wu and Wu, 2013; Lee et al., 2013; Ganapathy et al.,

2009) statistical tool derived from the theory of design of

experimentation. The main objective of the present work

was to find an optimal combination of Load, FIP and EGR

for the simultaneous reduction of BSFC, NOx and PM

emissions. Though, the Taguchi platform has been utlized

as a very popular process optimization technique, it has

been observed to be unsuitable to solve multi-objective

optimization problems (MOOPs) (Tarng and Yang, 1998;

Ross, 1988). To overcome this limitation, grey relation

analysis theory have been employed successfully in

conjuction with the Taguchi method (Datta et al., 2008;

Tarng et al., 2000) to solve the MOOPs in diverse

engineering domains including the IC engine paradigm

(Pohit and Misra, 2013; Karnwal et al., 2011). However,

Grey Relational Analysis (GRA) with its inherent

incapability to distinguish information domains on a

qualitative or quantitative basis in between the ideal cases

of no solution (black) and a unique solution (white) to a

given problem, fails to provide a robust solution to a given

MOOP. It thus becomes limited in its applicability as a tool

to discover solutions that provide the best trade-off of the

desired objectives.

1.1. Motivation of the Present Study

MOOP studies in the IC engine domain typically pose a

requirement to explore such solutions so as to satisfy

objectives which are often contradictory in nature and thus

necessitates exploration of the grey zone of the design

space for possible trade-off solutions. It is this context, that

the present study in comparison to other GRA studies in the

IC engine domain provides a unique first-of-a-kind insight

to the possibility of application of a Grey-Fuzzy-Taguchi

methodology using fuzzy theory coupled with Grey

relational analysis to address the limitations of a simple

GRA technique and to obtain viable and robust optimal

solutions to the MOOP of the universal PM-NOx-BSFC

problem in diesel engines.

2. EXPERIMENTAL PARADIGM

2.1. Instrumentation

The experiment was conducted on an existing single

cylinder four-stroke CI engine coupled to a Common Rail

Direct Fuel Injection system as detailed in Table 1. The

engine was coupled to an air-cooled eddy current

dynamometer of PowerMag® make. The CRDI setup is an

attachment to the experimental engine. It consists of a high-

pressure fuel pump, rail, high-pressure fuel injector and the

heart of the system being the electronic injection controller

(EIC). The description of the fuel injection system is given

in Table 2. The EGR circuit essentially consisted of an

EGR control valve, exhaust control valve, bypass valve,

EGR cooler (water-cooled; double pass), exhaust cooler

(water-cooled), digital manometers, air box orifice meters

along with condensate traps. The EGR was controlled with

a digital control valve fitted to the EGR setup. The EGR

fraction was calculated as in Equation 1 (Pradeep and

Sharma, 2007). The exhaust gases were sampled by a 5

Gas analyzer and an AVL smoke meter (415S) was used to

measure the soot content, present in the exhaust. The

specifications of the emission measuring apparatus are

detailed in Table A1 and Table A2 in Appendix A. The

Table 1. Experimental engine specification.

 Specification  Resources

 No. of cylinder  1

 Bore  120 mm

 Stroke  139.7 mm

 Displacement  1580 cc

 Cooling  Water

 Compression ratio  18 : 1

 Valve timing

 Exhaust valve opening  35 deg before BDC

 Exhaust valve closing  4 deg after TDC

 Inlet valve opening  4 deg before TDC

 Inlet valve closing  35 deg after BDC

Table 2. Specification of the fuel injector.

 Specification  Resources

 Type  Common rail injection system

 Make  Bosch

 Injection pressure  10 ~ 120 MPa

 Number of holes  5 (Symmetric)

 Nozzle diameter  0.15 mm

 Injection angle  120o
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GREY-FUZZY TAGUCHI APPROACH FOR MULTI-OBJECTIVE OPTIMIZATION 3

layout of the experimental setup used to conduct the

experiments is shown in Figure 1.

(1)

where  = mass flow rate of air.

2.2. Experimental Uncertainty Analysis

The uncertainty was calculated on account of the employed

instrumentation, its calibration, observation accuracy and

the methodology of experimentation in a given ambient

condition (Devan and Mahalakshmi, 2009; Mani and

Nagarajan, 2009; Roy et al., 2014b; Kannan and Anand,

2011). The uncertainty expected during the sampling of the

observed parameters by the corresponding components of

engine and emission analysis instrumentation are enlisted

in Table A1, Table A2 and Table A3 in Appendix A, as

declared by their respective manufacturers.

The combined uncertainty analysis for the performance

parameters has been carried out on the basis of the root

mean square method (Rakopoulos et al., 2010; Roy et al.,

2014c) and its calculation has been detailed in Table A4 in

Appendix A.

 

(2)

Each recorded value for a given case of engine operation

(with & without EGR) was the average value of six (6)

consecutive observations over a sampling span of 120

seconds. The Total Sampling Uncertainty (TSU) of each

observation set was computed as per Equation 2 at each

case of engine operation. The sampling uncertainty of the

emission analyzer for each of the respective pollutants and

the relative range of the consecutive observations were

taken into account. An example calculation of the same for

a particular case of engine operation has been detailed in

Table A5 in Appendix A for ready reference. For a credible

viewpoint of the uncertainty analysis, the additional index

of standard deviation of the consecutive samplings has

been computed at each of the designated engine operating

conditions. The average total sampling uncertainty and the

average standard deviation over the entire scope of

experimentation have been reported in Table A6 in

Appendix A.

3. DESIGN OF EXPERIMENT (DOE)

As outlined by Broge (2009), the large number of

parameters that affect emissions and combustion

characteristics require a complex calibration process, which

could generate a seemingly infinite number of experimental

conditions to evaluate. The design-of-experiment (DoE) is a

statistical technique that is adopted to streamline and reduce

the number of test cases within viable limits, that can then be

conducted to ascertain the desired experimental responses.

Such endeavours reduce the cost and time resource

footprint as compared to a full factorial experimental

approach. DoE analysis technique is utilized in evaluating

experimental responses of a physical system that is known

to be affected by numerous factors and their interactions. In

a design of experiment technique, the response variables

are an unknown function of the process variables, which

are known as design factors. DoE starts with identifying

the input variables and the response (output) that is to be

measured. For each input variable, a number of levels are

defined that spans over the range for which the effect of

that variable is desired to be known. The approach has been

often used in ic engine optimization studies for achieving

low emissions and high combustion performance.

3.1. Taguchi Orthogonal Array

The Taguchi method utilizes orthogonal arrays from the

theory of design of experiments to study the desired effect

of large number of design factors on the desired response

variables within a small experimental matrix. Using

orthogonal arrays significantly reduce the number of

experimental configurations to be studied as it provides the

shortest possible matrix of combination in which all the

parameters are varied to consider their direct effect on

output responses. Furthermore, the conclusions drawn

from the scaled experiments are valid over the entire

experimental region spanned by the range of control

variables under study as the orthogonal arrays exhibit

inherent self-balancing characteristics.

In the present study Load, Fuel Injection Pressure and

%EGR have been chosen as the design factors to study

their effect on the desired resonse variables of NOx, PM

and BSFC. Four levels were chosen in each factor. The

load range has been varied from 4 kg to 16 kg in steps of

4 kg, while the Fuel Injection Pressure was varied from 220

bar to 700 bar in steps of 160 bar increments and the

%EGR was varied from 0 to 30 % in steps of 10 %

increments progressively through the 4 levels of study as

shown in Table 3. An Taguchi L16(4
3) orthogonal array has

been computed consisting of 16 rows corresponding to the

% EGR
m· a
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Figure 1. Schematic diagram of experimental setup.
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number of tests designed in Table 4. The choice of the

response variables were so motivated so as to make the

present study significant to the contemporary studies of

addressing the omnipresent NOx-PM-BSFC trade-off

characteristics that challenge the present day diesel engine

design.

The experimental work was then carried out at each

levels as dictated by the DoE endeavour listed in Table 4.

The FIP was then correspondingly varied to the DoE

recommended value at the set Load level for a given

experimental design under study. Noting the stability of

engine operation at the set Load under the given FIP, EGR

was then introduced to meet the desired percentage as per

Equation 1 to the DoE prescribed value. The NOx, PM

values were then observed and its value time averaged over

a period of 100 consecutive engine cycles were registered

in the DoE table. BSFC values were computed from the

specific fuel consumption readings averaged over the same

cycle count. The start of injection angle was set to 50 BTDC

for all cases under study while the engine speed was held

constant at 800 rpm.

3.2. Experimental Data Analysis

Once the experimental design has been determined and the

trials have been carried out, the measured performance

characteristic from each trial can be used to analyze the

relative effect of the different parameters. To determine the

effect of each variable on the output, the signal-to-noise

ratio or the SN number needs to be calculated for each

experiment conducted.

The higher the S/N ratio is, the more robust the system

will be. There are three categories of performance

characteristic in the analysis of the signal-to-noise ratio, i.e.,

the lower-the-better, the higher-the-better, and the nominal-

the-better. In the present study, smaller-the-better performance

characteristic was selected for NOx, PM and BSFC. For

smaller-the-better performance characteristic, the function

can be expressed as;

(3)

here ‘n’ is the number of measurements and ‘y’ the

measured ith characteristic value. The S/N ratio for each

output parameter is shown in Table 5.

4. GREY-FUZZY TAGUCHI APPROACH 

4.1. Grey Relational Analysis (GRA)

Deng (1989) first proposed grey relational analysis to

convert a multiple- response-optimization problem into a

single response optimization problem.

In the grey relational analysis, the Signal-to-Noise (S/N)

Ratio of response parameters were normalized in the range

Smaller the– better 10log10

1

n
--- yi

2

i 0=

n

∑⎝ ⎠
⎜ ⎟
⎛ ⎞

–=–

Table 3. Input parameters and their levels.

 Parameters  Units  Level 1  Level 2  Level 3  Level 4

 Load  kg  4  8  12  16

 Fuel injection 
pressure

 bar  220  380  540  700

 EGR  %  0  10  20  30

Table 4. L16 orthogonal design matrix of experimental data.

 Exp 
No.

 Load 
(kg)

 FIP 
(bar)

 EGR 
(%)

 NOx 
(g/kW-hr)

 PM 
(g/kW-hr)

 BSFC 
(kg/kW-hr)

 1.  1  1  1  8.267572  2.256362  0.5199

 2.  1  2  2  9.406985  0.903861  0.489882

 3.  1  3  3  15.60732  0.352788  0.446137

 4.  1  4  4  18.39092  0.053613  0.446565

 5.  2  1  2  2.744799  2.395268  0.670458

 6.  2  2  1  6.114858  1.661183  0.625536

 7.  2  3  4  6.518071  0.474892  0.592169

 8.  2  4  3  10.83787  0.023488  0.58498

 9.  3  1  3  2.335898  3.166487  0.706279

 10.  3  2  4  2.312032  1.694789  0.699324

 11.  3  3  1  5.449161  0.98757  0.710913

 12.  3  4  2  9.081068  0.213096  0.705225

 13.  4  1  4  1.766781  3.513084  0.817182

 14.  4  2  3  1.762121  1.722404  0.793729

 15.  4  3  2  7.462063  0.679014  0.814511

 16.  4  4  1  8.210047  0.581479  0.803358 Table 5. Signal to noise ratio for the response variables.

 Exp No.  NOx  PM  BSFC

 1.  -18.3476  -7.0682  5.68161

 2.  -19.469  0.878  6.19818

 3.  -23.8666  9.0497  7.01063

 4.  -25.2921  25.4146  7.00231

 5.  -8.7702  -7.5871  3.47257

 6.  -15.7277  -4.4083  4.07496

 7.  -16.2824  6.4681  4.55108

 8.  -20.6989  32.5832  4.65717

 9.  -7.3691  -10.0116  3.02048

 10.  -7.2799  -4.5823  3.10643

 11.  -14.7266  0.1086  2.96367

 12.  -19.1627  13.4285  3.03344

 13.  -4.9437  -10.9138  1.75362

 14.  -4.9207  -4.7227  2.00655

 15.  -17.4572  3.3624  1.78206

 16.  -18.2869  4.7093  1.90181
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GREY-FUZZY TAGUCHI APPROACH FOR MULTI-OBJECTIVE OPTIMIZATION 5

between 0 and 1 using lower the better characteristics,

which is called the grey relational generation as shown in

Equation 4.

(4)

where yi(p) is the value after the grey relational generation,

min zi(p) is the smallest value of zi(p) for the p
th response,

and max zi(p) is the largest value of zi(p) for the p
th

response. The normalized data after grey relational

generation are tabulated in Table 6.

In the next step grey relational coefficient is calculated

to display the relationship between the optimal (best=1)

and actual normalized results. The grey relational coefficient

ξi(p) can be calculated using Equation 5.

(5)

where = difference of the absolute

value  y0(p) and yi(p) ; ψ is the distinguishing coefficient

0≤ψ ≤1 (0.5 the value used in most of the situations

(Pohit and Misra, 2013; Yeh and Tsai, 2014; Pandey and

Panda, 2014; Rajmohan et al., 2013; Krishnamoorthy et

al., 2012; Yang and Huang, 2012; Kuo et al., 2007; Liu et

al., 2009);  = the smallest

value of Δ0i and Δmax = largest

value of Δ0i. Grey relation coefficient ξi(p) of each

performance characteristic or response characteristic is

shown in Table 7. The higher grey relational coefficient

implies that the corresponding experimental result is closer

to the optimal (best) normalized value for the single

response (Pandey and Panda, 2014; Chiang and Chang,

2006; Ho and Lin, 2003; Lin, 2004).

After calculating the grey relational coefficients, the

overall grey relational grade is calculated using Equation 6.

The higher the value of grey relational grade is, the greater

is the desirability (Yeh and Tsai, 2014).

(6)

where n is number of output response, wp is the weighting

value for each grey relational coefficient ranging from 0 to

1, and the sum of wp equals to 1. In the present study 0.33

(w1), 0.33 (w2) and 0.33 (w3) were assigned as weighting

factors for the response variables NOx, PM and brake

specific fuel consumption respectively. Weightage factor so

choosen is indicative and can be suitably varied to meet the

objectives of problem under study as per the desire of the

engine designer.

The grey relational grade for each experiment using the

L16 orthogonal array are detailed in Table 8 wherein a

higher grey relational grade corresponds to a better S/N

ratio respectively as it scores closer to the computed ideal

S/N ratio. It is observed from the results that the

experimental run #4 scores the highest grey relational

grade and can consequently be considered as the best

experimental sequence to provide the best strategy to

obtain the optimal solution of satisfying the set multiple

objectives simultaneously.

yi p( ) max zi p( ) zi p( )–

max zi p( ) min zi p( )–
--------------------------------------------------=

ξi p( ) Δmin ψΔmax+

Δ0i p( ) ψΔmax+
---------------------------------=

Δ0i y0 p( ) yi p( )–=

Δmin j
min

i p
min

y0 p( ) yi p( )–∀∈∀=

j
max

i p
max

y0 p( ) yi p( )–∀∈∀=

δi wpξi p( )
p 1=

n

∑= n 1 3,–=

Table 6. Grey relation generation of each response variable.

 Exp No.  NOx  PM  BSFC

 1.  0.659105412  0.911589305  0.252809106

 2.  0.714153176  0.728905442  0.154546025

 3.  0.930024446  0.541037313  0

 4.  1  0.164806768  0.001582649

 5.  0.188965903  0.923518863  0.673017552

 6.  0.53049864  0.850437961  0.558429602

 7.  0.557727991  0.600388533  0.467861008

 8.  0.774527033  0  0.447680335

 9.  0.120188107  0.97925834  0.759015106

 10.  0.115809419  0.854438237  0.742665508

 11.  0.481356215  0.746594018  0.769821629

 12.  0.69911739  0.440368301  0.756549826

 13.  0.001129034  1  1

 14.  0  0.857666046  0.951887099

 15.  0.615397076  0.671788859  0.994590081

 16.  0.656125745  0.640823505  0.971810972

Table 7. Grey relation coefficient of each output parameter.

 Exp No.  NOx  PM  BSFC

 1.  0.431367151  0.354210675  0.664179001

 2.  0.411809655  0.406866129  0.763888223

 3.  0.349644372  0.480290182  1

 4.  0.333333333  0.752098239  0.99684469

 5.  0.725725319  0.351242272  0.426251081

 6.  0.485201999  0.370250255  0.472397975

 7.  0.472711325  0.454384961  0.516603103

 8.  0.392302389  1  0.527604068

 9.  0.806207011  0.338007221  0.397135823

 10.  0.811939513  0.369156737  0.40236089

 11.  0.50949899  0.401092892  0.39375609

 12.  0.416973354  0.531706566  0.397914981

 13.  0.99774702  0.333333333  0.333333333

 14.  1  0.368279078  0.344379394

 15.  0.448270854  0.426698032  0.334539889

 16.  0.432478908  0.43827989  0.339717538
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6 S. ROY, A. K. DAS and R. BANERJEE

4.2. Fuzzy Inference System (FIS)

The grey relational grade is calculated on the basis of

‘‘smaller-thebetter’’, ‘‘higher-the-better’’ or ‘‘nominal-the

better’’ characteristics of each of the multiple responses and

thus instills an inherent degree of uncertainty in the

obtained optimal result which needs to be addressed. To

this end,the theory of fuzzy logic through its intrinsic set

membership characteristics provide an accepted Zadeh

(1965) gateway to effective decision making under the

challenges posed by the uncertainties associated with the

implicitness of the problem under study.

Fuzzy logic approach involves fuzzication of input data,

rule inference and defuzzication in order to obtain crisp

values. Firstly the fuzzifier initially uses membership

functions to fuzzify the S/N ratios with value between 0

and 1. Then the inference engine performs a fuzzy interface

to generate a fuzzy value and finally, the defuzzifier

converts the fuzzy value into a non-fuzzy value according

to fuzzy rules. Based on the fuzzy rules, the Mamdani

implication method was employed for the fuzzy inference

reasoning. 

In fuzzy logic, IF–THEN rule statements are used to

formulate the conditional statements. The fuzzy rule base

consists of a group of IF–THEN control rules with the three

grey relational coefcients, x1, x2 and x3, and one multi-

response output y.

Rule 1: if x1 is A1 and x2 is B1 and x3 is C1 then y1 is

D1 else

Rule 2: if x1 is A2 and x2 is B2 and x3 is C2 then y2 is

D2 else

Rule n: if x1 is An and x2 is Bn and x3 is Cn then yn is

Dn.

Ai, Bi, Ci, Di are fuzzy subsets defined by the

corresponding membership functions, i.e., μAi, μBi, μCi

and μDi. Twenty seven rules are directly derived based on

the fact that the larger the signal-to-noise ratio is, the better

the performance characteristic. Suppose x1, x2 and x3 are

the three input values of the fuzzy logic unit, the

membership function of the output of fuzzy reasoning can

be expressed as Equation 7.

(7)

Finally, a defuzzication method, called the centre of

gravity method (Gopalsamy et al., 2009), was adopted here

to transform the fuzzy inference output  into a non-

fuzzy value or grey fuzzy reasoning grade yi, that is;

(8)

MATLAB tool was used for obtaining the grey fuzzy

grade or output. The triangular membership function was

applied for all the three grey coefcients, NOx, PM and

BSFC, each with three membership functions and a typical

plot is shown in Figure 2. The grey fuzzy output is divided

into seven number of membership functions and twenty

seven set of rules was written for activating the fuzzy

inference system (FIS) and the FIS is evaluated to predict

the grey fuzzy reasoning grades for all experiments. Table

9 indicates the grey fuzzy reasoning grade and its order as

obtained from the predicted values of FIS.

5. RESULTS AND DISCUSSION

The application of the fuzzy logic methodology thus helped

to provide an improved and robust Grey Fuzzy Grade

(GFG) with an undeniably lower uncertainity as compared

to the output of the grey relational approach alone. Hence

the grey fuzzy reasoning grade provides a qualitatively

superior platform of grading than that of the grey relational

grade methodology. The ranking is identical with the Grey

Relational Analysis (GRA) method but there are several

μD
0
y0( ) max min μA

x1
x1( ) μB

x2
x2( ),μC

x3
x3( )……μD

n
yn( ),{ }[ ]=

j

μD
0
y0( )

y
i

 y0μD
0
y0( ) yd

s

∫

 μD
0
y0( ) yd

s

∫
-------------------------------=

Table 8. Summary of grey relational grades and their ranks.

 Exp No.  Grey relational grade (GRG)  Rank

 1  0.482769023  10

 2  0.526993814  7

 3  0.609368206  3

 4  0.693397996  1

 5  0.500571818  9

 6  0.442174126  13

 7  0.480751896  11

 8  0.63932885  2

 9  0.513269568  8

 10  0.527291228  6

 11  0.434347875  14

 12  0.448416102  12

 13  0.554249758  5

 14  0.570315271  4

 15  0.402766422  16

 16  0.40308862  15

Figure 2. Structure of three-input one-output fuzzy logic

model.
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different ranks between the GRA and the proposed grey-

fuzzy method. Also, it is conrmed that the experimental run

#4 has the optimal combination of input process parameter.

That is, 4 kg load and 700bar fuel injection pressure with

30% EGR will give the best PM-NOx-BSFC characteristics.

For each experimental run the Grey Relational Grade and

Grey Fuzzy Grade are compared and illustrated graphically

in Figure 3. This advantage of improvement in the grading

strategy by the grey-fuzzy technique has been established

in various studies (Yeh and Tsai, 2014; Rajmohan et al.,

2013; Krishnamoorthy et al., 2012; Lin et al., 2002; Datta

et al., 2008; Chiang et al., 2008; Liu et al., 2009).

5.1. Analysis of Signal to Noise Ratio

To determine the optimal combination of factor levels, the

Signal To-Noise Ratio methodology was adapted to analyze

the grey fuzzy grades obtained as detailed in Table 9. The

Signal-to-noise ratio for respective GFG was calculated as

per Equation 9. The “higher-the-better” criteria was

invoked for determining the optimal combination of factor

levels which corresponded to the highest computed / ratio.

(9)

where i = experiment number, u = trial number and Ni =

number of trials for experimrnt i.

Minitab software was used to analyse the output

responses. The average of the selected characteristics for

each level of the design factors is shown in Table 10.

Figure 4 depicts the graphical representation of S/N ratios

obtained for the chosen design factors Load, FIP and EGR.

From Table 10 and Figure 4, the optimum process parameter

combination was found to be A1B4C3, i.e. Load 4 kg, Fuel

Injection Pressure 700 bar and 20 % EGR. Table 10 also

indicates that EGR is the most contributing factor.

5.2. Confirmation Test

After the optimum process parameter was selected from

the S/N ratio plot, a confirmation experiment was carried

out to predict the result and verify it by actual experimenta-

tion. The estimated S/N ratio ( ) was evaluated  correspond-

ing to optimum level of process parameters, by using the

following equation;

(10)

S N⁄ 10 log
1

Ni

-----  
1

yu
2
----

u 1=

N
i

∑–=

γ̂

γ̂ γm γi γm–( )
i 1=

o

∑+=

Table 9. Summary of grey-fuzzy reasoning grades and their

ranks.

 Exp No.  Grey Fuzzy Grade (GFG)  Rank

 1  0.490892371  10

 2  0.536358695  6

 3  0.619581838  3

 4  0.704201976  1

 5  0.511990077  9

 6  0.453623818  12

 7  0.489437036  11

 8  0.646798229  2

 9  0.521697502  8

 10  0.531626232  7

 11  0.440834621  14

 12  0.448988073  13

 13  0.582852787  5

 14  0.595159379  4

 15  0.410448607  16

 16  0.413356271  15

Figure 3. Comparison of the GRGs and GFGs for each

experimental run.

Figure 4. Response graph for grey fuzzy reasoning grade.

Table 10. Response table for the grey-fuzzy reasoning

grade.

 Factors  Level 1  Level 2  Level 3 Level 4  Delta  Rank

 Load  -4.699  -5.668  -6.302  -6.151  1.604  2

 FIP  -5.584  -5.568  -6.303  -5.365  0.938  3

 EGR  -6.959  -6.479  -4.525  -4.857  2.433  1

RETRACTED A
RTIC

LE



8 S. ROY, A. K. DAS and R. BANERJEE

where γm is the total mean of S/N ratio,  is the mean of

S/N ratio for optimumlevel, and ‘o’ is the number of the

main design factors that affect the output responses. The

estimated value of , corresponding to A1B4C3, was

obtained as −3.179 and the corresponding GFG was

0.68715 from Equation 10.

An experiment was actually carried out with A1B4C3

combination in order to verify our predicted value. The

results obtained are shown in Table 11. The estimated GFG

at the optimal setting (A1B4C3) was 0.68715 and that

obtained from the experimentation is 0.71543 and the

corresponding S/N ratio was found to be −2.914. Hence a

gain in GFG is obtained which implies that the grey-fuzzy

logic can be successfully utilized for multi-objective

optimization of IC engine emission and performance

parameters.

6. CONCLUSION

In the present investigation an attempt was made to explore

the effect of load, FIP and EGR on NOx, PM and BSFC

with minimum number of experimentation. In order to

reduce the experimental effort, Taguchi’s L16 orthogonal

array was employed to design the experiments. An

algorithm involving the combination of grey relational

analysis with fuzzy logic is also proposed for the optimiza-

tion of the performance and emission parameters of an IC

engine.

The following conclusions are drawn based on the above

analysis;

• The performance index for each experimental run derived

from the GFG methodology is higher than the ones

obtained by the GRG method.

• The grey-fuzzy investigation shows that the optimal

combination of the input parameters is 4 kg load, 700 bar

FIP at 20 % EGR.

• EGR was found to be the most influencing factor for the

chosen objective to reduce NOx with less effect on PM

and BSFC.

• The confirmation result reveals that the grey-fuzzy

algorithm is suitable for optimizing the performance and

emission parameters of an IC engine.
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APPENDIX A

Table A1. AVL DIGAS 444.

Measured 
parameter

 Measurement
 principle

 Measuring 
range

 Resolution  Accuracy
 % Uncer-
tainty**

Carbon monoxide 
(CO)

 NDIR  0…10 % vol  0.01 % vol
< 0.6 % vol:
≥ 0.6 % vol:

± 0.03 % vol
± 5 % of value

± 0.2
± 0.3

Carbon dioxide 
(CO2)

 NDIR  0… 20 % vol  0.1 % vol
< 10 % vol:
≥ 10 % vol:

± 0.5 % vol
± 5 % of value

± 0.15
± 0.2

Total unburnt Hydro-
Carbons (TUHC)

 NDIR

 0…20000 ppm 
vol 

(n-hexane 
equivalent)

 2000 : 1 ppm 
vol

 > 2000 : 10 
ppm vol

< 200 ppm vol :
≥ 200 ppm vol:

± 10 ppm
± 5 % of value

± 0.1
± 0.2

Oxygen (O2)
 Electrochemical 

sensor
 0…22 % vol  0.01 % vol

< 2 % vol:
≥ 2 % vol:

± 0.1 % vol
± 5 % of value

± 0.2
± 0.3

Nitric oxide (NO)
 Electrochemical 

sensor
 0…5000 ppm 

vol
 1 ppm vol

< 500 ppm vol:
≥ 500 ppm vol:

± 50 ppm vol
± 10 % of value

± 0.2
± 0.9

Lambda  0…9.999  0.001  NOT RECORDED

Warm up time ≈ 7 min

Response time ≤ 15 s

Relative humidity
≤ 95 % non-
 condensing

PC interfaces  RS 232 C
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Table A2. AVL 415S.

Measurement principle: Measurement of filter paper blackening

Measured value output: FSN (filter smoke number) or mg/m³ (soot concentration)

Measurement range: 0 to 10 FSN

Detection limit: 0.002 FSN or ~ 0.02 mg/m³

Resolution: 0.001 FSN or 0.01 mg/m³

Interfaces: 2 serial RS232 interfaces with AK protocol

Sample flow: ~ 10 l/min

Ambient conditions: 5 to 55 oC / max.95 RH; without condensation Sea level −500 to +5000 m

Repeatability:
Standard deviation 1 s = ± (0.005 FSN + 3 % of the measured value @ 10sec 
intake time)

Reproducibility: σ ≤ ± (0.005 FSN + 6 % measured value)

Table A3.

 Experimental engine instrumentation
 % Uncertainty of 

sampling

Dynamometer (Integrated speed 
measurement)

EddyCurrentType-PowerMag air cooled
 ± 1.0

Dynamometer loading unit Power mag torque controller

Load sensor Make: Vishay tedea-huntleigh, model 1022  ± 0.015

Load indicator Make selectron, model PIC 152–B2  ± 0.1

Fuel measuring unit Burette mounted with IR sensors  ± 0.2

Fuel flow transmitter
Differential pressure transmitter ;Make Yokogawa- model EJA110-
EMS-5A-92NN

 ± 0.065

Cylinder pressure sensor Make: Kistler, Type: 6613CQ18  ± 1.0

Crank angle sensor Make Kubler-Germany model 8.3700.1321.0360  ± 0.2

Data acquisition device BLUE CHIP TECHNOLOGY, Programmable input/output card

Temperature sensor Thermocouple, Type K (AD595C)  ± 0.75 %

Temperature transmitter Make Wika, model T19.10.3K0-4NK-Z,  ± 0.2 %

Air flow transmitter Make- Wika; model- SL1  ± 0.5 %

Table A4.

Computed 
performance
 parameter

 Measured
 variables

 components

Instrumention involved
 or measurement

%
 Uncertainty

 of
instrument

 Calculation

Total %
uncertainty
 of computed
 parameter

 BP  Load RPM
 Load sensor, Load Indicator, 

Speed measuring unit
 0.015, 0.1, 1  1.0051

 BSFC
 SFC (Diesel)

 BP

 Fuel measuring unit, Fuel flow 
transmitter

 As for BP Measurement

 0.2, 0.065,
 1.0051

 1.0269

0.015
2

0.1
2

1
2

+ +

0.2
2

0.065
2

1.0051
2

+ +
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Table A5.

Sample calculation of measurement of total uncertainty % of NOx emission at 75 % full load for 30 % cooled EGR opera-
tion

Obs. 
No. 
(ni)

Sampling
time (s.)

Observed
valuses (x)

Average value of 
sampling for a 
given case of 
testing 

Relative range of 
samples

ASU
Total Sampling 

Uncertainty (TSU)
Standard deviation of 

sampling (σ)

1 20 260

As Ni <
500 ppm
ASU = 0.2

2 20 262

3 20 264

4 20 260

5 20 262

6 20 264

MOS = Maximum observed value during sampling for the measured pollutant; MIS = minimum observed value during sampling for the

measured pollutant;

ASU = Uncertainty of measurement of the respective pollutant by the analyzer as detailed in Table A1 & A2 as per its accuracy in the
measured range

x( )

x

xi

i 1=

n

∑

n
---------- 262= =

RR %( )
MOS MIS–

x
----------------------------- 100×=

4 100×

262
-----------------= 1.5267 %=

1.5267
2

0.2
2

+ 1.5397= s
1

n 1–
----------- xi x–( )

2

i 1=

n

∑ 1.79= =

Table A6.

Sampled emission Average TSU (%) Average std. deviation

NOx 0.866 0.642

Soot 0.77 0.241

RETRACTED A
RTIC

LE



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 290
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.33333
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 290
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.33333
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 800
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 150
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.33333
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice




