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The allocation of means and tolerances to provide quality, functional reliability and perfor-

mance reliability in engineering systems is a challenging problem. Traditional measures to help

select the best means and tolerances include mean time to failure and its variance ; however, they

have some shortcomings. In this paper, a monetary measure based on present worth is invoked

as a more inclusive metric. We consider the sum of the production cost and the expected loss of

quality cost over a planned horizon at the customer’s discount rates. Key to the approach is a

probabilistic loss of quality cost that incorporates the cumulative distribution function that

arises from time-variant distributions of system performance measures due to degrading com-

ponents. The proposed design approach investigates both degradation and uncertainty in com-

ponent. Moreover, it tries to obviate problems of current Taguchi’s loss function-based design

approaches. Case studies show the practicality and promise of the approach.

Key Words : Present Worth, Probabilistic Loss of Quality Cost, Component Degradations,

Mean-Tolerance Allocation

1. Introduction

The ability of a manufacturer to design and
produce a reliable and robust product that meets
the short and long-term expectations of the cus-
tomer with low cost and short product develop-
ment time is the key for success in today’s market.
Customer’s expectations include quality at the
start of a product’s life and both functionality and
performance over a planned lifetime, (e.g. war-
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rantee time). Quality may be defined as confor-
mance of performance measures to specifications
(Savage and Carr, 2001). Functionality is related
to hard failures of components meaning that the
system ceases to function completely. Performance
over time considers so—called soft failures wherein
the system operates but performance measures ex-
ceed their limit specifications.

Often designs address only quality, and both
performance and functionality over time are as-
sumed to be acceptable (Choi et al., 2000 ; Seshadri
and Savage, 2001 ; Spence and Soin, 1997). Cur-
rent probabilistic design approaches investigate
mainly performance variation due to uncertainty.
However, performance over time is important to
customers and performance reliability is invoked
herein to address component degradations that
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arise from material and dimensional changes, due
to for example, temperature, time and wear. Per-
formance reliability (i.e. soft failure) is defined as
the probability that performance measures of a
system are within specification limits for the life-
time, conditional on the system being in a func-
tional topology (Lu et al., 2001). In a sense then,
performance reliability is related to quality over
time. Since customers do observe changes in quali-
ty characteristics of products earlier than changes
in functionality, performance reliability is a criti-
cal path to customer satisfaction (Brunelle and
Kapur, 1998). Design methods for performance
reliability improvement include both parameter
(means) and tolerances design, such that the in-
fluence of environmental conditions and operat-
ing conditions on degradation is minimized. The
traditional design methods investigating degrad-
ing components are based on sampling approaches
(i.e. Monte-Carlo simulation) where they have
mainly focused on determining mean values of com-
ponents that maximize the Mean Time To Soft
Failure (MTTSF) and minimize its variance (Van
den Bogaard et al., 2003 ; Styblinski, 1991).

Such time-related measures may not be mean-
ingful to both engineers and managers, and thus
monetary measures have been invoked. For ex-
ample, a decrease in cost of 10% is quite clear
compared to a decrease in MTTSF of 10%. There
are a few recent research activities that investigate
present worth of expected quality losses due to
product degradation. Present worth of expected
quality losses due to degradation has been used as
a monetary measure. Teran et al. (1996) incorpo-
rated the effect of product degradation (i.e. re-
sponse degradation Z (¢)) by adopting Taguchi’s
loss function in the form E[L(Z(¢))]. Then, bas-
ed on a continuous cash flow stream of E[L(Z(¢))]
during a planning horizon (0, T"), they defined a
present worth of expected quality loss under con-
tinuous compounding as

W= [ ELL(Z(1))eat
" (1)
= [kl (0) =)+ G5 (D) ]} et

where £ is a deviation cost coefficient that pro-
vides a monetary connection to the loss function,

and 7 is a user’s discount rate, i.e. an interest rate
in economic analysis. Moreover, gz (¢) is the mean
of Z(t), and oz(¢) denotes its standard devia-
tion. Eq. (1) provides a monetary evaluation of
quality loss because of product degradation. They
represented the present worth using two additive
terms as

T
PWi=F fo (12 (£) — )2 " dt

+k l " (1) e mdt (2)
= <PWL)M+ (PWL> v,

where (PW.)u and (PW,.) v represent the present
worth due to mean change and variance change
respectively. For a single response system, various
types of 1z (#) and 0% (¢) for example a) constant,
b) linear drift, and c¢) quadratic drift were exam-
ined. Chou and Chang (2000) introduced the present
worth of the expected bivariate quality loss as a
monetary measure for both degrading target-is-
best thickness (Z;(#)) and inner diameter (Z;(¢))
of a lock wheel. Both Z;(#) and Z,(#) were as-
sumed to have linear mean drift, constant stand-
ard deviation, and constant covariance. They aug-
mented the present worth with the production cost
based on tolerance-cost models for the thickness
and diameter (Hauglund et al., 1990). The opti-
mization problem to allocate initial tolerances for
fixed nominal values was formulated as

Minimize
Cr(p,7,T)=Ce(p) +PW.(p,».T) (3)

subject to bounds on p

where Cr represents the total expected cost up to
time T, Cp is the production cost, and PW, in-
dicates the present worth of the bivariate quality
loss.

According to reference (Seshadri and Savage,
2002), there are two main concerns in the Taguchi’s
loss function. First, the application of the loss
function is valid only for known statistical dis-
tributions (e.g. normal distribution) of system re-
sponses. Second, the loss function is limited since
a) its extension to smaller/larger-is-best responses
is not always obvious, and b) the calculation
method used for the cost coefficient £ in the loss
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function is not convincing — especially for multi-
response systems. Further, the present worth is
formulated directly from the system response deg-
radation levels, not the component degradation
levels so that the present worth does require as-
sumption of distributions of system responses. Due
to the these concerns, applications of the present
worth have been limited to a) target-is-best re-
sponses of simple systems wherein the responses
were assumed to be normally distributed versus
time, and b) mean and tolerance allocations of
system responses.

To obviate the main concerns in the Taguchi’s
loss function-based approaches, it is necessary to
derive a present worth for general multi-response
systems in a different way. To determine means
and tolerances, economic design formulations,
based on the derived present worth, should be
developed. In this paper, we propose a mean and
tolerance design method, based on present worth,
to obviate these main concerns in the Taguchi’s
loss function-based methods. More specifically,
in Sec. 2, we present modeling of time-variant
limit-state functions in terms of time-variant sys-
tem performances from component degradation
processes so that no response distributions need
be assumed and all performance metrics (i.e. tar-
get/smaller/larger-is-best) are permitted. In Sec-
tion 3, we provide a non-sample-based, set theo-
retical, formulation, in terms of unions of non-
conformance regions, that leads to an approxi-
mate cumulative distribution function of soft fail-
ure (Son and Savage, 2006). In Sec. 4, economic
design formulations based on present worth for
general multi-response systems are discussed. A
monetary measure in terms of the sum of a proba-
bilistic loss of quality cost and a production cost
is developed. In Sec. 5, implementation of eco-
nomic designs of both an automotive overrun
clutch and a servo system is explained as case
studies.

2. Modeling of Time-Variant
Limit-State Functions

Component degradation due to the effects of
environmental and operating conditions produces

time-variant characteristics in a component (i.e.
degradation) with the consequence that the sys-
tem performance varies over time as well. Com-
ponent degradation processes can be expressed in
terms of statistical parameter change over time
(Jones, 1999) . Let us extract from the components
a vector of random design variables denoted as
V=[W, Vs, Vu]: These may be dimensions,
resistances, spring constants and so forth. Let p be
the design parameter vector comprising, for ex-
ample, means and standard deviations that char-
acterize V, then p={[/u4, &, ttm, O1, O2, """, Om)] -
In general, samples of the » arbitrarily distribut-
ed design variables (now denoted as v) can be
mapped to a vector u comprising # uncorrelated
standard normal variables using the Rosenblatt
transformation (Rosenblatt, 1952). The transfor-
mation is denoted by the general implicit form
I’ (v,p,u) =0, although in many cases the trans-
formation is explicit. Next consider the random
variable degradation models for the components
denoted as X (#) =[X1(#),X(8), -, Xn(t) ]. Af-
ter a system has been placed in operation, the
set p drifts or degrades with time (Jones, 1999).
Samples of component degradation distributions
(denoted by the vector x(#)) are functions of
both p and time (#) and the standard normal vec-
tor u. Since parameter degradation over time is
in general evaluated from the initial design set
p, we let p(#) =w(p,#) and write conveniently
x:(t) =f:(p(¢),u). For example, if a design var-
iable V is normally distributed with the initial
parameters . and o, then p=[z, 0] and the u-v
transformation is simply v =g+ ou. A common
degradation function has the form x () = (u+ ou)
(1+d(¢)), where d(¢) is the normalized change
in p. Therefore, we have x(#) =u(1+d (¢)) and
o(t)=c(1+d(1)).

A system model relates outputs to inputs. Let
the g uncertain performance measures (e.g. re-
sponses) Z be written as functions of the  deg-
radation variables X, and then related to their
specification limits by limit-state functions of the
form

&(x(8)) =%{z:(p(t),u) —¢} (4)

where ¢ is either a lower or upper specification.
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For any limit-state function, we define: g(x(¢)) >
0, x(¢) EConformance region (Success region,
S); g(x(¢)) =0, x(¢) ELimit-state surface (L SS);
g(x(¢)) <0, x(¢) ENon-conformance region (Fail-
ure region, F). Note that a single limit-state func-
tion has one non-conforming region. For » lim-
it-state functions, the union of all such regions
defines the non-conformance region of the system
at any time £.

3. Cumulative Distribution
Function Modeling

In order to evaluate the cumulative distribution
function of time to soft failure (CDEF) numer-
ically, we break time into discrete steps. Consider
a fixed time step % and a time index denoted as /
where [=0,---, L then =/ X} is the time at the
[™ step, and #,=L X i is the life time. The CDF
at time #; for design parameter vector p can be ap-
proximated using a series system reliability con-
cept as
F(p. 1) =Pr{Ufo[ ULi(g:(p(#),u) <0)]}. (5)

In order to help us evaluate Eq.(5), let us
define an instantaneous failure (i.e. non-confor-

mance) region of the 7™ limit-state function at
any selected discrete time /; as

Ei={ucU: g(p(#),u) <0}, (6)

Then, the system instantaneous failure region
up to time #;, denoted as E; is expressed as

El:El,IUEl,ZU"'UEl,n:U?:lEl,zl (7>

From reference (Son and Savage, 2006), the in-
cremental failure probability, from time #; during
time interval /%, is written as

AF(p, t;) =Pry (B UE,) —Pr.(Ey), (8)

wherein only pairs of intersections are invoked,
and the U indicates an upper bound and the L a
lower bound. Note that the incremental failure
probability approximates integral of probability
density function of time to soft failure f (#) from
time £; to fi+1, and thus we have

ft j“l F(p.t) dt=AF(p,t). (9)

The cumulative distribution function at time #,

is evaluated as
L—-1
F(p, 1) =Pr(Eo) + 23 (AF (1)), (10)

where the first term on the right represents the
non-conformance (e.g. quality) at time zero. In
this paper, Eq. (10) is evaluated using FORM
(First-Order Reliability Method) and second-
order bounds on union probability whose de-
tailed explanations are shown in reference (Son
and Savage, 2006).

4. Formulation of Economic
Design Problems

We adapt the work in reference (Aktas et al.,
2001) and define the expected capitalized loss of
quality costs of a system from time # to /. as

Clot)=[ter (D fr()edt, (1)

where cr(#) is the cost of failure, # is the real

™ is the discount factor and

rate of interest, e~
fr(t) is the probability density function. In the
case when fr(#) is unknown and we have a con-
stant failure cost denoted as cr, an approximation
using discrete time events and evaluations of the
CDF provides the expected loss of quality cost

expressed from Eq. (11) as
Cl}::Q <p, tL5 T)

—e 3 Flpt) —Fpti) e

Let the production cost be Cp(p) and let the
scrap cost for time # be cs, then the total cost is

Cr (pa 1L, 7’)
=Cp(p) +csF (p, to) + Clo(p. tr, 7).

Based on Eq.(13), we propose the following

(13)

three design problems, formulated into constrain-
ed optimization problems.

a) Design for quality
Cr(p) +csF (. t) (14)

subject to the constraints :

Minimize

g:(p,u, ) =0,
u-Vugi(p,u, o) +llul [ Vug: (p,u, %) =0
for 1=1,2,-, n,

pmin < 9] < pmax.
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b) Design for minimum total expected cost

CT(p’tL, 7’) (15>

Minimize
subject to the constraints :

gi(paua tl) :Oa
u-Vugi(p.u, ) Hul: | Vug: (p.u, ) [:=0
for 7=1,2,--,m and /=0,1,---, L

pmin < P < pmax.

c) Design for minimum total expected cost with
satisfaction of i) a quality policy at shelf time £,
and ii) a performance reliability policy at a spec-
ified later time (e.g. a planned time) f.

Minimize Cr(p,t,7) (16)

subject to the constraints :

gi(p,u, t;) =0,
u-Vugi(p.u, ) +ulz | Vug: (p,w, ) [2=0
for 7=1,2,--,% and [=0,1,---, L

I)min Sp gpmax,
F(p’ t(]) < K)a
F (D, tP) <Yr.

where Y, is the probability at % and Y} is the
probability at f£p.

The equality constraints, g;(p, u, #) =0 and
u-Vugi(p, u, ) +ul: | Vugi (p, u, #) [2=0 for
i=1,2,--,m and [=0,1,---,L for =1,2,--,m
and /=0,1, -+, L ensure that we have the correct
probability calculations and performance relia-
bility prediction using FORM. Detailed explana-
tions for the constraints can be found in reference
(Seshadri and Savage, 2002). A Sequential Quad-
ratic Programming (SQP) method is utilized to
solve the formulated constrained optimization
problems.

5. Case Studies

5.1 Overrun clutch design

An automotive overrun clutch (Choi et al.,
2000) is shown in Figure 1.

The assembly comprises : one hub, one cage,
four rollers and four springs. The contact angle
shown as Z is important for proper operation. If
the value of the angle is greater than the upper

Spring 4 a/

_ Hub

. Roller

Fig. 1 Overrun clutch assembly

specification limit or less than the lower speci-
fication limit, the clutch does not work correctly
and it must be reworked or scrapped. Two possi-
ble causes of non-conformance are crack and wear
in the inner surface of the cage (Xue and Pyle,
2004). We focus on the wear problem herein for
comparison with the probabilistic design for quali-
ty that investigates only variation in component.

The angle Z (i.e. the performance measure) is
a function of four independent measurements
that become the design variables 14, Vs, Vs, Vi as
shown in Fig. 1. We have for degradation the
time-variant model

X+ (XG+Xs) /2 > (17)

Z(X) =cos™!( X— (X%t X /2

The upper and lower specifications of Z are
0.122+0.035 radians respectively. Variables V4,
Vo, V3, V4 are assumed to be normal and inde-
pendent. We let 0;="{0/;/3. The design parame-
ters are p=_[t4, ", t4, tol, -+, toly]. The wear on
the inner surface of the cage increases the dimen-
sion (i.e. x4) over time in the form x4(#) =v4(1+
d(t)) where d(¢) indicates the normalized change
in v, during operating time. Herein, d (¢) =k-¢,
and we assume the wear rate #=9.0X107* mm/
year based on the average yearly mileage. For
vs= 4+ 0sus the degradation model can be writ-
ten as

x4(t)=pz4(1+k't)—i—tOTZ“(l-Fk-t)m. (18)
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The hub and rollers do not degrade in this ex-
ample so their degradation models are the same as
Eq. (17) except d (¢) =0. The performance metric
is target-is—best and hence two time-variant lim-
it-state functions in the form of Eq.(4) result.
The functions are written as

a(x(t)=4—2(x(t)),
&(x(1))=z2(x(t)) — &
where §=0.122-+0.035 and &=0.122—0.035.
An initial design taken from reference (Seshadri

and Savage, 2002) is pi=1[55.29, 22.86, 22.86, 101.69,
0.25, 0.3, 0.2, 0.4]. For economic designs we let :

(19)

the planned time #, =7 years ; the interest rate » =
10%; cs=$10 and cr=$20. The production cost
($) for the clutch assembly in terms of tolerance
values (Choi et al., 2000) is

Colw) =(a5+557) +(30+55,)

+(z.5+ 233 >+(o.5+3‘782).

The upper and lower bounds for the mean val-
ues (in mm) are 55.0973<74<55.4973, 22.6600<
1£<23.0600, 22.6600 < 13<23.0600, 101.4900< 14 <
101.8900. The upper and lower bounds for the
tolerances (in mm) are 0.12<t0/<0.25, 0.08<
t05<0.3, 0.04<105<0.2, and 0.2<t0/,<0.4.

We consider the three design cases: a) design

(20)

for quality b) design for total cost, and ¢) design
for total cost with the quality constraint Y,=3.4
defects/million, and the performance reliability
constraint at time f,=3 years given as Y,=0.2.
The design parameters for the respective designs
are denoted as Pa, P» and pc. The three corre-
sponding cumulative distribution functions are
shown in Figure 2 and the corresponding prob-
ability values at each year are shown in Table 1.
The design parameters and the corresponding costs
for the three different designs are shown in Table
2.

Let us compare Cases (a) and (b) with refer-
ence to Table 2 and Fig. 2. The design in Case
(b), when compared with Case (a), reduces the
total cost by $0.78 per clutch made up of a large
decrease in expected loss of quality cost of $1.44,
and a small increase of $0.67 in the production
cost. Hence, 100,000 clutch assemblies manufac-
tured using design parameters pb instead of pa
could provide about $78,000 profit. As shown in
Case (c) in Table 2, the high quality and per-

cumulative distribution function (CDDF)

year

Fig. 2 Cumulative distribution functions for three
different designs for an overrun clutch

Table 1 Probability values at each year according to
clutch designs

t Design (a) Design (b) Design (c)
0 2.02X 1072 2.10x 1072 3.40x107°
1 5.52X 1072 224X 1072 3.43x10™*
2 1.53x107! 3.53x1072 1.61 X 1072
3 3.39x107! 1.01x 107 1.87 X107
4 5.83x107! 2.86 107" 6.41x107!
5 8.00x107! 581x1071 | 9.46x 107!
6 9.34x107* 8.44x1071 | 9.98x107"
7 9.90x107' | 9.77x107! 1.00

Table 2 Optimal design parameters in [mm] for a clutch and the corresponding costs in dollars

Design Design parameters Co Cte Cr
(a) pP==1[55.49, 22.66, 22.71, 101.49, 0.25, 0.30, 0.20, 0.40] 18.37 13.12 31.49
(b) P»=1[55.49, 22.67, 22.79, 101.49, 0.25, 0.30, 0.20, 0.31] 19.03 11.68 30.71
(c) pPe=1[55.49, 22.66, 22.71, 101.49, 0.12, 0.16, 0.12, 0.20] 26.77 13.17 39.94
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formance reliability policies contribute to a con-
siderable increase in production cost and thus a
high total cost when compared to designs a) and
b). Further Table 2 shows the importance of means
and tolerance allocation when costs are involved.

5.2 Servo system

The servo system of interest is shown in Figure
3 with components and interconnection models
taken from reference (Savage and Carr, 2001).

The electro-mechanical characteristics of the
system arise from three subsystems. These are in
turn :

a) The difference amplifier : this subsystem com-
prises the three resistors Rs, K3 and R, along with
the operational amplifier (denoted as Osg) that
has a very large closed-loop gain.

b) The motor and tacho-generator (denoted as
Mz and Gso): the parameters of interest in this
subsystem comprise the torque constants K, the
rotational inertias J and the winding resistances
Ru. (Note that the motor and the tacho-generator
are identical devices just interconnected different-

R4

ly to provide the required functions).

c) The gear train shown as Gus,13: here 7 is the
gear ratio 712/713. (In this example, the rotational
spring constants Kj; and K4 are not factors in the
responses.)

In addition, a voltage supply vl acts as the
input, and, at the output an applied torque s
models the load arising from some arbitrary
connected subsystem.

The three performance measures are 1) the time
constant f. that is related directly to the time for
the shaft speed at S to reach steady-state speed,
2) the steady-state shaft speed at S denoted as
wss, and 3) the initial, or starting torque 7, that
must be supplied to the load at point S. The
mechanistic models for the three quality charac-
teristics in terms of the electro-mechanical char-
acteristics, with the op—amp gain sufficiently lar-
ger, and response specification for the three re-
sponses are given in Table 3. The voltage v is
supplied from a known power supply but the
value is uncertain owing to manufacturing abili-
ties. The load torque 71, has a known range but

Ry
" VVA—H
v

Fig. 3 Schematic of a mechatronic servo system

Table 3 Mechanistic models and response specifications of a servo system

Response Mechanistic model Specification
Z(8) e 4Ry (Rn+ Ry) Smaller-is-best
ne ¢ K*QQRn+Ri+Rs) USL,=0.045 sec
T ~is-b
/ ((z) ) Des= VRs(Rm+R4> v 7’R3<Rm+R4> - LSLaEg;;lls Tejt570
2 §S. 8§ 1 15 27— ] 2— i)
KR>(2Rn+ Ri+ Rs) K*(2Rn+ R+ Rs) UIST.a— 589 rad/scc
_ KR Larger-is-best
%) T YRR, ! LSLs=022N-m
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again its value is uncertain owing to the particu-
lar end-use. It follows that both »; and 75 are
designated as noise variables. Also, the resistances
of resistors R, 3, and R4, are uncertain due to
variation in their manufacturing process and they
are considered as noise variables. In order to se-
lect a reasonable set of control variables from the
seven electrical and mechanical characteristics a
sensitivity analysis has been applied. The result
tells us the most important design variables are
the torque constant K, the motor resistance R
and the gear ratio 7. The rotor inertia J of both
the motor and tacho-generator is well down the
importance order and thus its value is fixed at the
nominal value 1/1000000 kg-m?.

Distribution information of the three control
variables and the five noise variables is given in
Table 4. The design parameters are chosen to be
the three means of the control design variables
denoted as 4, (o, (5. According to Bonnett and
Soukup (Bonnett and Soukup, 1992), electric mo-
tor problems occur for a variety of reasons, ranging
from basic design faults and poor manufacturing
quality to problems caused by application and
site conditions. Specifically, they are most likely
to arise from bearing failures — probably the most
common cause — with stator winding insulation
deterioration following a close second. In this
example we assume the motor resistance R, de-
grades due to the winding insulation deteriora-
tion.

The eight %#-v mappings for the design varia-
bles in turn are explicitly

Young Kap Son, Seog- Weon Chang and Gordon J. Savage

Ui:/li+0iui for i:1,2,3,4,6,7 and 8,
Vo= tto— (tolsps) +2(tols o) @ (us) .

The degradation model of the winding resist-
ance R, versus time provides the unified degra-
dation models as simply

%2(t) = 1(t) + 02 (1) e, (22)

where /() =(1+/kt?) and 0:(t) =021+ ke
t?) with £1=6.6X10° Q /year, k,=8.3X107° Q/
year. For other design variables that have no
degradation, we use x(#) =v. For example, the
time-variant response for starting torque 7 is
expressed as

z(p,u, )
(#1+ o1 (/17+07M7) <A£4+64u4>
(us+ osus) (1(8) +02(8) uz) (st dsuts)

(23)

where The four limit-state functions using three
responses and four limit specifications from Table

3 are
g (p,u,t) =0.45—z(p,u, )
2(p,u,t) =589—2z(p,u, t)
(24)
a(p,u,t) =2z(p,u,t) —551
a(put) =z(p,u, t) —0.22.

An initial design is pi= [ z4, &, 1, toh)] =[0.00783,
2.9, 0.4826, 2]. For economic designs we let : the
planned time #,=7 years ; the interest rate »=5%;
¢cs=$10 and cr=$15. The production cost ($) is
considered as

Cp(p) =100044+1.5¢ (70504) (25)

Table 4 Distribution information for design variables in a servo system

Distribution Design parameters p;

Control variables

T (K) Normal h tolh (ov=tolitu/300)

Va(Rn) Normal 0 tol,=2% (0a="tols/300)

Va(r) Normal s tols=2% (0s=tolsus/300)
Noise variables

AON] Normal =12 volts toly=1% (o4="tolsyu/300)

Vs(11s5) Uniform #5=1/100 N-m tols=2%

Vs (Ry) Normal #=10,000 Q tols=2% (0s=tols/300)

V7 (Rs) Normal 12=40,000 Q tol=2% (0:="tol1/300)

Va(Ry) Normal 15=10,000 Q tols=2% (os=t0ls/300)
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Table 5 Optimal design parameters for a servo system and the corresponding costs in dollars

Design Design parameters Cy Cte Cr
(d) Pa=1[7.00x1073 2.60, 4.30x 107}, 1.79] 7.61 12.5 20.11
(e) Pe=1[7.99 X107 2.60, 4.91 X107, 1.65] 8.64 0.51 9.15

cumulative distribution function (CDF)

year

Fig. 4 Cumulative distribution functions for two
different designs for a servo system

The upper and lower bounds for the mean val-
ues are 0.007<z4<0.01, 2.600< 1, <6.00, 0.25<
1#3=<0.75. The upper and lower bound for the
tolerance is 1.00< 70/ <4.00.

We consider the two design cases : d) design for
quality e) design for total cost. The design para-
meters for the respective designs are denoted as
Pa, Pe- The two corresponding cumulative distri
bution functions for 2=1 year are shown in Figure
4 wherein F (pa, %)=0.0096 and F (pe, #)=0.00961.
The design parameters and the corresponding
costs for the two different designs are shown in
Table 5.

The design in Case (e) compared to Case (d)
reduces the total cost by $10.96 per servo system
through a large decrease in expected loss of qual-
ity cost of $11.99, while there is a small increase
of $1.03 in the production cost. Fig. 4 and Table
5 show the importance of the proposed design ap-
proach that investigates time-variant system re-
sponses due to component degradation. The de-
sign pe provides robustness of smaller-is—best
time constant, target-is-best shaft speed, and lar-
ger-is—best starting torque to motor resistance
degradation as well as variation in component

with an economical means.
6. Conclusions

In this paper, we have presented an economic-
based design of engineering systems using present
worth as a measure of loss of quality over time
due to degradation. The proposed design approach
is for economic design of degrading multi-response
engineering systems of unknown lifetime distri-
butions using component degradation profiles.
We have greatly extended the work in the open
literature. More specifically, we have provided for
general systems a) a framework for application
to multi-response and multi-component systems
with component degradation processes, and b), a
probabilistic expected loss of quality cost. The
multi-response problem is solved with help from
the system CDF which is built numerically using
set-theoretic concepts. Constrained optimization
problems have been formulated to help allocate
simultaneously means and tolerances. A compar-
ison of three design philosophies in clutch system
design shows the versatility of the approach. In
servo system design, further, a comparison to de-
sign for quality shows the importance of the pro-
posed design approach, and we show applica-
bility to any target-is-best, or larger/smaller—is-
best performance metric. Work is ongoing to
apply the proposed method to the determination
of optimum warranty time.
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