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ABSTRACT

This paper develops a new method for implementing mass-

customization, namely, the customization around standard prod-

ucts, or catalog-based customization. The method addresses the

customization requirements of a class of products that are com-

plex in con�guration, multi-functional and structurally similar.

We formulate catalog-based customization as an optimization

problem consistent with the manufacturer's goal of incurring

minimal costs in the redesign of existing standard components,

while meeting customer speci�cations and satisfying design con-

straints. The `catalog-based' nature of the formulation raises

concomitant issues of cost function development and problem

simpli�cation/solution. We identify the generational structure

as best suited to exploit the cost data in existing catalogs and

construct a product cost function. The cost-estimation methods

used by the generational structure in the construction are identi-

�ed as weight-based|for modeling the material costs, and meth-

ods based on similarity principles and regression analyses|for

the production costs. The optimization formulation of catalog-

based customization may be simpli�ed by an a priori identi�-

cation of a standard catalog design as the customization basis.

This is accomplished with function costing|a cost-estimation

hypothesis that uses product functionality to develop an approx-

imate cost-estimate. The function-costing estimate is also used

to abstract features from the standard base design into the op-

timization formulation. The preferred solution strategy for the

optimization formulation is identi�ed as genetic algorithms. We

apply the customization method developed to Brushless D.C.

Permanent Magnet (BDCPM) motors and obtain optimal mini-

mal cost custom designs (from the standard designs of a BDCPM

motor family) for di�erent sets of customer requirements.

Keywords: Customization, Optimization, Electric Mo-

tors
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1 INTRODUCTION

The economic landscape of the 1990's has been subject

to fundamental changes from a manufacturing viewpoint|

from mass production to mass customization. This new

model of customized production was anticipated by To�er

(1970). In 1987, Davis coined the word mass-customization

to describe it. This paper develops a new method for im-

plementing mass-customization, namely, the customization

around standard products, or catalog-based customization.

The method addresses the customization requirements of a

class of products that are complex in con�guration, multi-

functional and structurally similar. We formulate catalog-

based customization as an optimization problem consistent

with the manufacturer's goal of incurring minimal costs in

the redesign of existing standard components, while meeting

customer speci�cations and satisfying design constraints.

The `catalog-based' nature of the formulation raises con-

comitant issues of cost function development and problem

simpli�cation/solution and these are discussed.

Section (2) describes the problem of catalog-based cus-

tomization that we are addressing in this paper. Commonly

used mass customization techniques are reviewed and their

inadequacy in dealing with the customization of complex,

multi-functional and structurally similar products is noted.

In Section (3), the problem is formulated as an optimization

problem guided by the manufacturer's objective to mini-

mize the cost of the customized design for a set of cus-

tomer speci�cations. A solution framework is presented.

Features of catalog-based customization that make it dif-

ferent from a standard optimization problem are identi�ed

and solution techniques to address these are discussed. Sec-

tion (4) develops a mathematical model, i.e., design vari-
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ables and constraints, for Brushless D.C. Permanent Mag-

net (BDCPM) motors, the domain of application of our

methodology. This model describes the family of eight stan-

dard BDCPMmotors listed in a manufacturer's catalog and

forms the bases for our study of catalog-based customiza-

tion. In Section (5), we review commonly used cost struc-

tures and cost-estimation methods and identify those cost

analyses techniques that are most suitable to catalog-based

customization. We also develop the cost function for the

BDCPM motor family that we are studying. We apply

the customization methodology developed to obtain optimal

custom-designs (from a cost perspective) from the standard

designs of the BDCPMmotor family for di�erent sets of cus-

tomer design speci�cations in Section (6). Insights obtained

from solving these problems and some general observations

about our formulation of catalog-based customization are

summarized in Section (7).

2 PROBLEM STATEMENT

In this section, we begin with a review of mass-

customization methods. A customization scenario which

is inadequately addressed by existing methods is then de-

scribed. Related work that partially addresses this cus-

tomization scenario is reviewed and the rationale underlying

our study of catalog-based customization is presented.

The reasons for the paradigm shift from mass-

production to mass-customization have been well-studied.

There has been renewed interest recently in formally study-

ing mass-customization methods. Pine (1993) identi�es

four implementations of mass-customization, namely, 1)

create customizable products, 2) provide point-of-delivery

customization, 3) provide quick response throughout the

links of the value chain, and 4) modularize components to

customize end-products.

These methods work on the four fundamental links in an

organization's value-chain, namely, development, produc-

tion, marketing and delivery. A brief description of these

implementations is now presented. Creation of customiz-

able products involves the creation of products that are

customizable by the customer, for e.g., computers. Ellis

(1990) provides some good model-based approaches to this

implementation of mass customization. Point-of-delivery

customization is based on the philosophy that the best way

to instantly provide what a customer wants is to produce

it at the point of sale and delivery, for e.g, sporting goods.

Complexity limits the applicability of both the above meth-

ods. Providing quick response throughout the value-chain is

basically time-based competition and its power and bene�ts

have been well-studied (Peters (1987), Stalk (1990)). De-

sign for Manufacture, Quality Functional Deployment, De-

sign for Assembly are some common enabling technologies
2

for `quick response' implementations of mass customization.

While these techniques have proven e�ective in developing

a quality product at a low cost, they don't address the need

to optimize the costs of producing a variety of products.

Modularization of components for customization is another

popular implementation of mass customization. Customiza-

tion is gained by the variety with which the components can

be con�gured into products. The primary draw-back here

is that the performance of a product can always be opti-

mized and its manufacturing costs lowered by reducing or

eliminating modularity.

Let us now consider the following scenario: A manufac-

turer produces a (closely related) family of products that re-

alize multiple customer design speci�cations that may vary

continuously. The products are complex con�gurations of

component parts and their assemblies and require a sub-

stantial infrastructure for their production. Typical exam-

ples of this class of products may be found in manufacturers'

product catalogs. The selection of a standard product from

a manufacturer's product catalog by a customer, based on

his/her needs, is frequently employed in design. Product

catalogs o�er the customer the advantages of convenience

and low cost. There are, however, situations when existing

standard products don't meet the customer speci�cations.

The question we then pose is as follows:

How does a manufacturer create a custom-design that

is feasible (with regard to a set of design speci�cations) for

a class of products that are complex, multi-functional and

structurally similar?

Modularizing of components does provide a partial so-

lution to this question but it isn't an e�ective strategy as it

doesn't expoit the similarity between the products. In the

context of modularity, it is worth our while to review an

emerging trend in manufacturing systems, namely Design

for Variety. Design for Variety (DFV) refers to product and

process design that meets the market demand for product

variety with the best balance of design modularity, compo-

nent standardization, late point di�erentiation and product

o�ering (Martin (1996)). While DFV expands the range

of available products, we are concerned with customization

that is necessary|DFV is essentially an a priori customiza-

tion approach.

3 OPTIMIZATION FORMULATION

We begin by de�ning the attributes of the customiza-

tion problem. Design variables are the independent vari-

ables that a manufacturer can alter in his/her attempts to

meet design speci�cations. The design speci�cations are

the desired behavior of the product and are provided by
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the customer. Performance variables evaluate the prod-

uct's performance. They may be direct design variables

or may be functions of the direct design variables. Per-

formance variables are evaluated against the design speci-

�cations to ensure that the product satis�es requirements.

Indeed, it is the violation of some of these `performance-

exceeds-speci�cation' or acceptability constraints that moti-

vates the customization. In addition to the constraints that

model the acceptability constraints, there are constraints

that model the physical laws underlying the operation of

the product.

Given the above de�nitions, the customization problem,

from a manufacturer's perspective, can be stated as follows:

\The manufacturer tries to minimize the cost of manufac-

turing a product, to meet design speci�cations, with respect

to the design variables he/she controls, and subject to the

acceptability constraints and the physical laws that model

the product". The basic optimization formulation for the

manufacturer is thus

Minimize Product Cost

w. r. to Design Variables

subject to Acceptability Constraints Satis�ed

Physical Laws Satis�ed

(1)

Equation (1) has several features that distinguish it

from a standard optimization problem. These features and

the `catalog-based' nature of the problem are discussed in

Section (3.1). In Section (3.2), we outline a framework to

solve the customization problem. The domain of applica-

tion of the customization methodology developed is Brush-

less D.C. Permanent Magnet (BDCPM) motors. These are

brie
y described in Section (3.3).

3.1 Problem Features and Solution Techniques

The primary features of the problem posed in Eq. (1)are

1) the non-availability of a well-de�ned functional form for

the objective function, 2) the design variables are discrete-

continuous and the acceptability constraints are often the

results of simulations, and 3) the optimization problem ex-

ists in a space populated by existing catalog designs - this

feature may be used to greatly simplify the formulation. We

now discuss these features in greater detail.

The product cost function in Eq. (1) is rarely available

in a closed-form. Much of the recent work in cost estima-

tion for customization deals with approximate methods that

give a rough estimate of the cost of introducing variety in a

product line (Martin (1996)). For the purpose of our opti-

mization model, however, we require a functional form for

the product cost that is accurate and can be generated in a
3

timely fashion. There are several available cost structures

and cost modeling methods that could be used and these

are reviewed in Section (5) from the perspective of their ap-

plicability to customization. We select a generation-based

structure and use techniques that are regression-based in

our development of the product cost function. The `mate-

rial' cost component of the product cost can generally be

obtained analytically; however, expressions to evaluate the

`production' cost are not readily available. An important

contribution of this paper is the construction of analytical

expressions for the `production' cost component. We use the

principles of geometric similarity and the available manu-

facturing cost data of standard catalog designs to obtain

analytical expressions for the production cost. Section (5)

describes the methodology in greater detail and develops

the product cost function of an electric motor manufacturer

from available catalog motors' cost data. The product cost

function development is one of the aspects in which the cus-

tomization problem is catalog-based.

The design variables of the non-linear program formula-

tion of the customization problem are discrete-valued. They

basically represent the set of available component parts

(that are used in the standard catalog designs) which can be

con�gured to obtain the �nal product design. The discrete-

ness of the variables precludes the application of gradient-

based optimization methods. Customization often needs to

be applied to products whose performance variables are dy-

namic. The constraints of the customization problem can

thus include simulations to determine the operating con-

ditions of the product and simulations are computationally

expensive. This, coupled with the non-linearities of the con-

straints in general, poses problems for discrete optimization

methods like, for instance, branch and bound methods. We

use genetic algorithms (GAs) as the preferred optimization

technique to solve the customization problem. The applica-

bility of genetic algorithms to customization problems has

been well-studied by Carlson (1996).

The customization problem may be simpli�ed by iden-

tifying a standard `base' design from the catalog products

that `best' satis�es the design speci�cations and �xing some

of the design variables of Eq. (1) at the corresponding pa-

rameter values of this standard `base' design (this design is

a catalog design and is thus completely instantiated). We

note that the standard `base' design doesn't satisfy all the

design speci�cations|indeed, this is the reason why we are

developing a customization methodology. Abstracting fea-

tures from the standard `base' design would reduce the di-

mensionality of the customization problem and would thus

o�er a quicker solution and correspondingly, savings in the

product development time. The issues to be addressed in

this context are 1) How does one select the `best' standard

`base' design given multiple design speci�cations that none
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of the existing catalog designs satisfy ? and 2) How does one

select the features (or design parameters) of this standard

design that are to be used in the design of the customized

product ?

A variant of the �rst question, namely the selection

of a catalog design that meets all design speci�cations (or

catalog selection problem), has been widely addressed in

design research (Bradley (1993, 1994)). We, however, have

a situation where none of the existing catalog designs are

feasible for the given design speci�cations. Also, intrinsic to

our problem, is the notion of minimum cost and we shall use

this to guide our search for the standard `base' design. We

shall estimate the minimum cost of a product given multiple

design speci�cations using the technique of function-costing

and select the nearest available catalog design (in the cost

sense) as the standard `base' design. Function-costing is

a cost-estimation hypothesis that estimates the cost of a

product from its primary function or performance measure.

The origins of this hypothesis, its underlying assumptions

and the range of its validity are explained in greater detail in

Section (5). Thus, given multiple design speci�cations, we

can identify a primary speci�cation and obtain an estimate

of the product cost using function-costing. The standard

`base' design may then be identi�ed as the catalog design

closest in cost to this estimate. It is interesting to note that

the function-cost hypothesis is global in nature and can thus

be applied by di�erent manufacturers to their customization

attempts.

The issue as to what feature of the standard `base' de-

sign to abstract into the customization problem depends on

the particular form of the product cost function and thus

varies with manufacturer. It relates to the design variables

that have the maximum impact in determining the function-

cost estimate from the primary design speci�cation. This

can be determined only by a detailed analysis of the product

cost structure and model function and is domain-speci�c. In

Section (6), we provide examples that suggest the param-

eters of standard `base' designs that may be used in the

customization of electrical motors by a particular manufac-

turer given multiple design speci�cations.

3.2 A Framework for Customization

The preceding discussion is summarized in Fig. (1). The

manufacturing infrastructure and the design speci�cations

are imposed on the product description to obtain a partic-

ular customization model. This model may be simpli�ed

by abstracting features from a standard base design identi-

�ed from the primary design speci�cation. A product family

cost function is also developed from available cost and man-

ufacturing knowledge. Finally, a genetic algorithm is used

to solve the resulting optimization problem and obtain the
4

�nal customized design and its corresponding cost.

Manufacturing KnowledgeComp. Product Desc.

Product Family Desc. Product Family Cost Func.

Final Customized Design

Genetic Alg.

Product Cost FunctionParticular Custom. Model

Design Specifications

Standard Base Design

Figure 1. A Framework for Customization

3.3 Domain of Application

The domain of application for the customization

methodology being developed is Brushless D.C. Perma-

nent Magnet (BDCPM) motors. With the advances in

permanent-magnet and power-electronic technology, BD-

CPM motors are fast gaining in popularity as cheap energy-

e�cient motors. Hendershot (1994) provides a good review

on the theory and design of BDCPM motors. The motor

essentially comprises an outer stator assembly (windings on

a frame) and an inner rotor assembly (magnets mounted

on a rotor). Several variants of this basic structure exist -

Section (4) develops the mathematical model for the motor

family considered in this paper.

4 BDCPMMS - MODEL DEVELOPMENT

The derivation of the mathematical model of the BD-

CPM motor is terse in this section (for a comprehensive

exposition of the model development, the reader is refered

to Chidambaram (1997a,b)).

Figure (2) summarizes the features of the 12 slot - 4 pole

BDCPMM (we consider 24 slot - 4 pole machine in this pa-

per). Part A shows a typical lamination for the 12 slot - 4

pole machine and its de�ning dimensions. The laminations

have thickness t = 5:8 � 10�4 m so that the frame length

L = 5:8� 10�4nl m where nl is the number of laminations.

The laminations (and the motor frame) have Ns = 24 slots.
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Figure 2. Features of BDCPM Motor Construction
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Part C: Outer Casing of the Motor Part D: A Typical Winding Pattern
Three lamination types, namely `X', `Y' and `Z', are used in

the frame construction of the BDCPM motor family. The

semantic variable Ltype identi�es the lamination type used.

The de�ning dimensions of these laminations are summa-

rized in Table (1). The lamination types and the frame

Table 1. Lamination Descriptors of the BDCPM Motor Family

Rsi (mm.) d3 (mm.) wtb (mm.) wbi (mm.)

Ltype = X 21:90 12:0 2:39 5:23

Ltype = Y 22:22 15:1 2:39 5:23

Ltype = Z 25:40 15:1 2:80 5:50

lengths for the eight motors comprising the BDCPM motor

family are summarized in Table (2).

The stator frame is wound with a single-layer lap wind-

ing with each coil containing N turns. Each coil encircles

six stator teeth. Part D of Fig. (2) shows one phase of

the winding pattern for the 12 slot - 4 pole machine. The

phases may be connected in a Y or � con�guration and the
5

Table 2. Frame Descriptors of the BDCPM Motor Family

M1 M2 M3 M4 M5 M6 M7 M8

Ltype X Y X Z Y Y Z Z

L (cm.) 2.54 2.54 5.08 2.54 5.08 7.62 5.08 7.62

coils may be connected in series (a = 1) or parallel (a = 2).

The stator teeth and slots have been shown in a linear fash-

ion in this �gure. The wire gage used in the windings is

characterized by its area Awire.

The wound stator is enclosed in a tubular shell. Part

C of Fig. (2) shows two views of the casing with the

tubular shell and end-caps. Part B of the �gure shows

the rotor assembly; a ring-magnet bonded onto a stepped

shaft that �ts into the bore of the stator frame assembly.

The total length of the motor is Lsh. We observe that

Lsh = L + 2Lcl. Here, the side-clearance Lcl is given by

Lcl = f4:215; 4:265; 4:775g� 10�2m. �= Ltype = fX;Y; Zg.

Based on the preceding discussion, the design variables

within this manufacturer's infrastructure along with their
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permissible ranges are now summarized.

nl 2 f44; 45; :::; 132g; Ltype 2 fX;Y; Zg; a 2 f1; 2g;
N 2 f20; 21; :::; 80g; Mph 2 fY;�g; Awire 2 f16; 16:5; :::; 24g

(2)

We now develop the design constraints for the optimiza-

tion formulation.

The lamination slot area As simpli�es to As =

d3[
�
12
(Rsi +

d3
2
) � wtb]. The damping coe�cient D and

the hysteresis loss coe�cient Th for the frame are given by

D = 7:243� 10�4f�(2Rso(wbi + d3)� (wbi + d3)
2
)� 24Asg

and Th = 0:133f�(2Rso(wbi + d3) � (wbi + d3)
2
) � 24Asg.

The total length of wire Lwire used in the windings is ob-

tained as Lwire = 24N [5:8�10�4nl+
�
2
fwtb+

5�
12
(Rsi+

d3
2
)g]

so that the terminal resistance R is calculated as R =

1:72�10�8(KCres
a

)( Lwire
12Awire

) where K = f4; 2g �= a = f1; 2g

and Cres = f2; 2
3
g �= Mph = fY;�g. The expression for

the thermal resistance (determined by the casing geome-

try) plays a key role in determining the continuous oper-

ating conditions of the motor, and is obtained as Rth =
1

f
8:01

(Rsi+d3+wbi+0:002)
+4:8gAcas

where the surface area of the cas-

ing Acas = 2�f(Rsi + d3 + wbi + 0:002)
2
+(Rsi+d3+wbi+

0:002)(5:8 � 10�4nl + 2Lcl + 5:08 � 10�3)g. The torque

constant kt is obtained as kt = Ctor
44:5�10�4NRsinl

a
where

Ctor = f 2
3
; 1
3
g �=Mph = fY;�g.

Now, given the requirement for an operating torque of

Td at the operating speed !d, the torque that must be de-

veloped by the motor Treq = Td + D!d + Th (accounting

for frictional losses). The current in the winding in order

that the motor develop Treq is thus given by I =
Treq
kt

or

I =
aTreq

44:5�10�4NRsinlCtor
. Temperature considerations pro-

vide a bound on the operation of the motor - this constraint

may be expressed as

f

68
Rth

�D!d
2 � Th!d

1:72� 10�8(KCres
a

)( Lwire
12Awire

)
g0:5 �

aTreq

44:5� 10�4NRsinlCtor

(3)

The limiting case of this inequality also helps identify

the operating points corresponding to maximum continuous

output power, namely !�cont and T �cont. These points are

obtained, using calculus, as

T �cont = ktf
168
R
th

�D!�
cont

2
�Th!

�

cont

R
g0:5 and

!�cont =
�3Th
8D

+

p
9T 2

h
+ 1088D

R
th

8D

(4)

The role played by these points is as follows: We shall

assume that implicit in the requirement for an operating
6

torque of Td at the operating speed !d, is the requirement

that the operating point be at maximum e�ciency. Thus,

we have Treq = T �cont and !d = !�cont.

The power supply for continuous operation (based on

the supply voltage Vd � IR+ kt!d) simpli�es to

3:21�10�7
TreqKCresLwire

CtorAwireNRsinl
+Ctor

44:5� 10�4NRsinl

a
!d � Vd

(5)

An empirical winding constraint (that prevents mag-

netic saturation and demagnetization) used by the manu-

facturer of this motor family is AwireN � f150; 240; 280g�
10�7 �= Ltype = fX;Y; Zg. We now develop the product

cost function for the BDCPMM family.

5 DEVELOPMENT OF THE MANUFACTURING COST

MODEL

Cost analysis is de�ned as the process of the system-

atic breakdown of product cost into various cost structures,

depending on the sources from which they arise. A cost

structure is described by the cost of components and the

relationships between the components comprising the prod-

uct. The component and component-relationship costs may

be estimated by a variety of cost-modeling methods. We

identify the cost structures and costing methods best suited

to customization. The selection is driven by the following

requirements on the functional form of the cost: 1) accu-

racy of the estimate and 2) generation of the estimate in

a timely fashion. Based on these requirements, we select

a generation-based and a function-based structure, and use

techniques that are regression-based and similarity-based in

our development of the product cost function for the BD-

CPMM family.

Section (5.1) reviews commonly used cost structures

and methods. The rationale for our selection of the struc-

tures and methods is developed. In Section (5.2), a frame-

work for cost analysis in customization is presented. This

framework is applied to develop the product cost function

of the BDCPMM family is Section (5.3).

5.1 Typical Cost Structures and Methods

Cost structures break down the product cost accord-

ing to one of several criteria: type of cost, parts, func-

tions, production processes, etc. Sheldon (1991) classi�es

cost structures into the following types: a) organizational|

based on departments and units of the manufacturer, b)

generational|based on elements and features of the prod-

uct, c) functional|based on the function of the product

and d) work/activity|based on the production processes.
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Of these, the generational and functional structure best ad-

dress the requirements of customization.

In the generational structure, the product is decom-

posed into sub-assemblies which are broken down into their

base constituent components or primitives. The costs as-

sociated with these primitives and the costs of assembling

them are summed to obtain the total product cost. Winchell

(1989) provides a good review of the use of the generational

structure. The generational structure allows the identi�ca-

tion of similar primitives so that the cost of a new product

similar to one whose cost structure is known may be eas-

ily deduced based on comparisons. This is precisely the

requirement of the catalog-based customization paradigm

and we use the generational structure as the basis for rep-

resenting cost data. Section (5.3) demonstrates its use on

the BDCPM motor family.

Most design practices start from product functionality.

A function-based structure can be used by designers to ob-

tain a rough estimate of product cost at the early stages

of design. The approximate nature of the estimates makes

function-based structure unsuitable for the cost function de-

velopment of catalog-based customization. The structure

however has the advantage of generating quick estimates

and we would like to use this feature to simplify the op-

timization formulation of customization. Indeed, function-

based structure forms the cornerstone of the discussion in

Section (3) towards the identi�cation of a standard `base'

design and the abstraction of features from it into the cus-

tom design. The examples of BDCPM motor redesign, pre-

sented in Section (6), explain the application of function-

based structure in greater detail.

A commonly used estimation technique to determine

the constituent costs of the functions is function-costing and

we now provide an overview of the technique. Function-

costing was introduced by French (1971). It is a hypothesis

that helps estimate the costs of a product directly from its

speci�cations. French (1993) and Pahl (1984) have applied

function-costing to preliminary cost estimation at the con-

ceptual stage of design. Function-costing proceeds on the

surmise, that for a class of products, the principal cost-

driver is the primary performance function of the product

and that the relationship between cost and this performance

function can be captured in a mathematical relation (based

on regression analyses). It is based on the following assump-

tions: a) the technology is mature, or not rapidly develop-

ing, b) the market is free of monopolies and c) the market

is large.

Having looked at cost structures, we now review cost

modeling methods. The commonly used cost models during

design are based on operations, weight, material, through-

put parameters, regression analysis and similarity laws.

Hundal (1993) provides a good review of these cost estima-
7

tion models. Operation-based costing and activity-based

costing are higher-level methods that are di�cult to use to

model customization.

Weight-based calculations for estimating manufactur-

ing costs are particularly suited for one-of-a kind products

and for mass-produced items where only size-changes are

made. The production costs per unit weight of similar prod-

ucts are assumed to be proportional. Customization typi-

cally involves signi�cant changes in production costs besides

material-cost changes and the proportionality assumption

for unit production costs thus fails to hold. However, by

developing analytical expressions that accurately model the

weight of the product or its components, the weight-based

method could be used to develop precise cost estimates

of the material costs of customization. The weight-based

method has been used to develop the material costs of the

components comprising BDCPM motors in Section (5.3).

Regression-based models attempt to relate the manu-

facturing cost to the product characteristics through sta-

tistical analyses. The premise here is that the cost can

be estimated based on those product characteristics that

are only analogous, and not wholly causative, to �nal cost.

Stewart (1987) provides a good overview of regression-based

parametric cost-estimation models. A functional form that

is experience-based (in terms of relevant product character-

istics) is �rst assumed for the cost-estimating relation or

CER. The parameters that de�ne the functional form are

then calculated by minimizing the square of the errors be-

tween the data points, i.e., available historical cost/product

characteristics information and the costs estimated by the

CER. Strati�cation of CERs to classify data-points into

families for more meaningful results is commonly imple-

mented. Regression analysis forms the basis of the product

cost function development for customization. It is used to

estimate the production cost component from the existing

data on the production costs of standard components. Sim-

ilarity principles (described in the next paragraph) help in

selecting the particular functional form of the CER as well

as the relevant product characteristics that regression anal-

ysis requires. The application of CERS and strati�ed CERs

to the cost function development of the production cost

components of BDCPM motors is shown in Section (5.3).

Regression analysis is also the preferred estimation method

in the function-based structure that is used to simplify the

customization problem by identifying the standard base de-

sign.

Similarity principles have been widely used in predict-

ing the costs of products made in size ranges. Hundal (1993)

provides an overview of the method. If a product has been

made to a particular size and its cost is known, then the

costs of other designs that are structurally `similar' to the

product but are of di�erent sizes may be estimated using
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similarity methods. The underlying premise here is that

the linear dimension ratio of two products is the primary

parameter in relating their costs. The linear dimension ra-

tio �l for say two products `X' and `Y' is given by �l =
ly
lx

where ly and lx are the `principal' dimensions of the prod-

ucts. Thus, if the manufacturing cost of product `X' is

Cxpr , then the manufacturing cost Cypr of product `Y' is

estimated by Cypr = Cxpr�l
p. The exponent `p' usually

ranges from 1:8 to 2:2 consistent with the assumption that

the manufacturing costs are determined by the surface area

(approximate square of the linear dimension ratio) of the

material machined.

5.2 Cost Analyses for Customization

Based on the discussions in Sections (5.1), we summa-

rize the cost structures and cost estimating methods that

are best suited for the cost analyses of catalog-based cus-

tomization in Figure (3).

Generational Structure

Similarity Principles

Production CostsMaterial Costs

Weight-Based

Product Functionality

Regression Analysis

Function-Based Structure

Standard Base Design IdentificationProduct Cost Function Development

Figure 3. Cost Analysis for Customization

The generational structure is used to develop the prod-

uct cost function. The material costs of the base constituent

components or primitives of the product product may be

computed analytically using weight-based estimation meth-

ods. The production costs associated with assembling the

primitives are estimated by applying methods of similarity

to the component parts of the product. The method sug-

gests a power law for the estimation of costs. The exponents

of the power law may be estimated by applying regression

analyses to the data in existing standard catalog products.

We observe that the similarity principle and regression anal-

yses reinforce each other in accurately predicting the pro-

duction costs associated with assembling the product. The

goodness of regression analyses depends on the functional

form assumed for the equation and the similarity method

suggests a power law. The similarity method requires accu-

rate values for the exponents which regression provides. In

the next section, we apply these analyses tools to the cost
8

function development of the BDCPM motor family.

The cost/performance data for the standard products

in a catalog allow us to obtain the function-costing equa-

tion (in the function-based structure) using regression anal-

ysis. This equation helps identify a standard design to base

the customization on. Given multiple and con
icting de-

sign speci�cations, if we can identify a primary speci�ca-

tion, an estimate of the cost of the customized design may

be obtained using function-costing. The standard product

that is closest in cost to the estimate obtained can then be

used as the standard base design. By comparing features of

the standard base design obtained by function-costing with

the features obtained by solving the optimization formu-

lation of customization|for the speci�ed primary perfor-

mance measure|the features that have the maximum im-

pact on determining product cost may be identi�ed. Once

this knowledge is available, these features may be abstracted

into customization scenarios with multiple speci�cations,

including the primary performance measure. This a�ords

an a priori simpli�cation of the optimization formulation to

determine the cost and features of the customized design

for multiple design speci�cations. The examples presented

in Section (6) illustrate the use of function-costing for the

standard base design identi�cation and optimization for-

mulation simpli�cation for BDCPM motors with multiple

design speci�cations.

5.3 Cost Function Development

The following discussion draws on prior work done by

Chidambaram (1997a,b). Salient features have been repro-

duced to facilitate comprehension - the reader is referred to

the earlier paper for a detailed discussion.

The cost structure tree for the BDCPM motor family

is shown in Fig.(4).

Prod./Set-up

Motor Manufacturing Cost

Bearing

FrameMat./Prod./Set-up Wire Insu.

Mat./Prod./Set-up

Elec. Dev. Wound Stat.

Prod./Set-up

Assembly

Assembly

Prod./Set-up

Magnet

Mat./Prod./Set-up Mat./Prod./Set-up

Prod./Set-up

Assembly Stator Ass.End-Cap

Shell

Assembly

Rotor Ass.

Shaft

Figure 4. Cost Structure Tree for the BDCPM Motor Family
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The material and production costs of the frame are

summarized in Table (3) - the reader is refered to Chi-

dambaram (1997a,b) for the other 15 (leaf) cost compo-

nents of the tree. The total motor costs have also been

shown. The machine set-up costs have been ignored (large

production lot-sizes have allowed for amortization).

The material costs components of the component costs

of the cost structure tree can be constructed analytically

from the available cost data. For instance, by viewing the

frame material cost Cfrmat
(nl) in the light of data presented

in Table (2), we can deduce that Cfrmat
(nl) for a frame with

nl laminations is given by

Cfrmat
(nl; Ltype) = f0:026; 0:028; 0:03gnl �= Ltype = fX;Y; Zg

(6)

The production costs components are approximated

from the principle of similarity described in Section (5.1).

For instance, let's now consider the frame production cost

Cfrprod . From Table (2), we observe that motors `M1' and

`M3' are similar in their frame construction except for the

frame length. Also, motors `M2', `M5' and `M6' have identi-

cal lamination types and di�erent frame lengths and motors

`M4', `M7' and `M8' are similarly related. The ratio of the

frame-lengths is an obvious candidate for the similarity pa-

rameter �L. Figure (5) is a plot of the frame production cost

Cfrprod versus the similarity parameter �L. Here, �L is the

length of a particular motor frame normalized by the small-

est motor frame length in that lamination type. Thus, for

instance, �LM5 =
LM5

LM2
= 0:0508

0:0254
= 2 (we use data from Ta-

ble (2) in this calculation). Cost-estimation relations have
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Figure 5. Frame Production Cost versus the Similarity Parameter
9

been �tted through the data points of Fig. (5). Assuming

a power curve and stratifying the CERs by lamination type

yields

Cfrprod(nl; Ltype) =

8<
:
2:6(nl

44
)
0:25

for Ltype = X

0:38 + 2:42(nl
44
)
0:37

for Ltype = Y

1:07 + 1:83(nl
44
)
0:58

for Ltype = Z

9=
;
(7)

Following this approach for the other components

of the cost structure tree, the total motor cost

Ctot(nl; Ltype; Awire; N;Mph; a) is obtained as follows (see

Chidambaram (1997 a,b) for details):

Ctot(nl; Ltype; Awire; N;Mph; a) =

8<
:
2:6(nl

44
)
0:25

for Ltype = X

0:38 + 2:42(nl
44
)
0:37

for Ltype = Y

1:07 + 1:83(nl
44
)
0:58

for Ltype = Z

9=
;

+[f0:026; 0:028; 0:03gnl �= Ltype = fX;Y; Zg] + nl
44

+9:80� 105AwireN [5:8� 10�4nl +
�
2
fwtb +

5�
12
(Rsi +

d3
2
)g]

+0:3035+ 0:876N [5:8� 10�4nl +
�
2
fwtb +

5�
12
(Rsi +

d3
2
)g]

+�[f31:2(Rsi + d3 + wbi) + 0:0312gfLsh� 5:08� 10�3g]

+

8>><
>>:
0:7( 5:8�10

�4nl+0:0792
0:1047

)
1:21

for Ltype = X

0:54 + 0:26( 5:8�10
�4nl+0:0802
0:1057

)
3:74

for Ltype = Y

0:58 + 0:32( 5:8�10
�4nl+0:0905
0:1160

)
4:23

for Ltype = Z

9>>=
>>;
+ 9

+

8>><
>>:
1:3( 5:8�10

�4
nl+0:0792

0:1047
)
0:38

(nl
44
)
0:18

for Ltype = X

1:6( 5:8�10
�4nl+0:0802
0:1057

)
0:38

(nl
44
)
0:40

for Ltype = Y

1:8( 5:8�10
�4nl+0:0905
0:1160

)
0:41

(nl
44
)
0:52

for Ltype = Z

9>>=
>>;

+(1:536Rsi � 6:26� 10�3)nl + (2:014Rsi � 8:21� 10�3)nl

+�f29:4(Rsi � 7:25� 10�3)
2
nl + 1:014� 105Rsh

2
Lclg

+0:1862+ 5:31� � 104[Rst
2
Lst + 2Rsh

2
Lcl

�f5:8� 104(Rsi � 7:25� 10�3)
2
nlg] + 0:01

+0:1473�(Rsi � 7:25� 10�3)nl +

�
1:2 for Tp � 3:5

1:6 for Tp > 3:5

�

+[f0:5; 0:55; 0:60g �= Ltype = fX;Y; Zg]

+

8>><
>>:
3:2( 5:8�10

�4nl+0:0792
0:1047

)
�1:92

(nl
44
)
0:92

for Ltype = X

3:4( 5:8�10
�4nl+0:0802
0:1057

)
�1:92

(nl
44
)
1:06

for Ltype = Y

3:7( 5:8�10
�4nl+0:0905
0:1160

)
�3:25

(nl
44
)
1:60

for Ltype = Z

9>>=
>>;

(8)

6 SOME ILLUSTRATIVE EXAMPLES

In this section, we apply the customization methodol-

ogy developed to obtain optimal custom-designs (from a

cost perspective) from the standard designs of the BDCPM
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Table 3. Component Costs of the BDCPM Motor Family

M1 M2 M3 M4 M5 M6 M7 M8

Frame[Matl.] 1.06 1.16 2.11 1.34 2.31 3.47 2.68 4.02

Frame[Prod.] 2.60 2.80 3.10 2.90 3.50 4.00 3.80 4.52

Ref. Chidambaram(1997) ... ... ... ... ... ... ... ...

Total Cost 35.93 40.94 43.58 44.63 47.76 55.10 54.68 63.80
motor family for di�erent sets of customer design speci�-

cations. We addressed the issue of customization problem-

simpli�cation by the identi�cation of a standard `base' de-

sign and the abstraction of features from it into the custom

design in Section (3). Function-costing formed the basis

of the proposed simpli�cation and the examples presented

in this section provide evidence towards validating this hy-

pothesis for BDCPM motors. The primary functional re-

quirement for fractional horse-power BDCPM motors is to

provide a continuous operating torque at a speci�ed speed

and the two examples presented are based on these. The

�rst example has only `the speci�ed torque at the speci�ed

speed' requirement while the second example has an ad-

ditional speci�cation regarding the available power supply.

Section (6.1) describes the �rst example while Section (6.2)

analyzes the second customization scenario.

6.1 Customization for a Speci�ed Operating Point

We observed in Section (4) that the speci�ed operat-

ing point (Td; !d) needs to map to the maximum continu-

ous power coordinates on the torque-speed curve for maxi-

mum e�ciency of operation and our optimization formula-

tion will re
ect this. The validation of the function-costing

hypothesis for this composite power requirement is e�ected

by comparing the cost estimates obtained through function-

costing to the cost estimates obtained from the optimization

formulations for di�erent values of the requirement. Sec-

tion (6.1.1) develops a cost estimate based on the optimiza-

tion formulation while Section (6.1.2) uses function-costing

to develop the estimate. Section (6.1.3) compares the cost

estimates and validates the function-costing hypothesis for

the given requirements.

6.1.1 Cost Estimate for Speci�ed Operating Points from

Optimization. The optimization problem to calculate the

minimum manufacturing cost to realize a speci�ed operat-

ing point (Td; !d) is obtained as
10
Minimize Ctot(nl; Ltype; Awire; N;Mph)

w. r. to fnl; Ltype; Awire; N;Mph; ag
subject to

h1 : !
�

cont =
�3Th
8D

+

p
9T 2

h
+ 1088D

R
th

8D

h2 : T
�

cont = ktf
168
R
th

�D!�
cont

2
�Th!

�

cont

R
g0:5

h3 : D = 0:000724[�f2(Rsi + d3 + wbi)(wbi + d3)�

(wbi + d3)
2
g � 24As]

h4 : Th = 0:133[�f2(Rsi + d3 + wbi)(wbi + d3)�

(wbi + d3)
2
g � 24As]

h5 : As = d3[
�
12
(Rsi +

d3
2
)� wtb]

h6 : Rth =
1

f
8:01

(Rsi+d3+wbi+0:002)
+4:8gAcas

h7 : Acas = 2�f(Rsi + d3 + wbi + 0:002)
2
+ (Rsi + d3 + wbi+

0:002)(5:8� 10�4nl + 2Lcl + 5:08� 10�3)g

h8 : kt = Ctor
44:5NRsinl

10�4a
h9 : Ctor = f 2

3
; 1
3
g �=Mph = fY;�g

g1 : 3:21� 10�7
TreqKCresLwire
CtorAwireNRsinl

+ Ctor
44:5NRsinl

10�4a
!d � 80

h10 : Lwire = 24N [5:8� 10�4nl +
�
2
fwtb +

5�
12
(Rsi +

d3
2
)g]

h11 : K = f4; 2g �= a = f1; 2g
h12 : Cres = f2; 2

3
g �=Mph = fY;�g

h13 : Td +D!d + Th � T �cont � 0 h14 : !d � !�cont � 0

g2 : AwireN � f150; 240; 280g� 10�7 �= Ltype = fX;Y; Zg
(9)

The constraints for the problem were derived in Sec-

tion (4). We use genetic algorithms to solve Eq. (9) for

di�erent operating points (Td; !d) with Td varying from

0:35 to 1:45 N-m and !d varying from 400 to 650 rad./sec.

The constraints are incorporated using penalty methods.

The parameters for the genetic algorithm are as follow:

population size = 40; number of generations = 40; selec-

tion pressure = 1.3; cross-over rate = 0.7; and mutation

rate = 0.035. The minimum cost solution for the oper-

ating point (Td; !d) = (1:45; 400) (�tness function taken

as F = Ctot + h214 + 500h213 + 100g2
2) is obtained to be

C�

tot = $62:75. The results for other operating points are

summarized in Table (4).

6.1.2 Function-Costing Estimate for Speci�ed Operating

Points. We now use the function-costing method to esti-
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mate the costs for the speci�ed operating points. We rec-

ognize that we could de�ne a continuous power output Pd
given by Pd = Td!d and use this as the primary performance

measure for the function-costing method.

Figure (6) is a plot of the cost C versus the maximum

continuous output power P �

d (= T �d!
�

cont) for the eight mo-

tors comprising the motor family. We recall that the ex-

pressions for !�cont and T
�

cont were stated in Eq. (4).
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Figure 6. Cost versus Maximum Continuous Power for the BDCPM Motors

The `+' marks in the �gure are the data points (Ci; Pd
�

i )

for the eight motors where the subscript i refers to the motor

number. By �tting a curve through the data points the CER

for the continuous power output is obtained as

Cest(Pd) = 35:92 + 0:217(Pd � 208)
0:7957

(10)

with the coe�cient of regression R = 0:92. Thus, given a

speci�ed operating point (Td; !d), or equivalently the con-

tinuous power output Pd, the cost of the motor may be

estimated using Eq. (10).

6.1.3 Comparison of Cost Estimates for Speci�ed Operat-

ing Points. Table (4) compares the cost estimates obtained

from the optimization formulation C�

tot to the function-

costing estimates Cest for a set of operating points. The op-

erating points have been chosen so that the corresponding

continuous output power values uniformly span the avail-

able maximum continuous power output values that the
11
BDCPM motor family provide. The costs obtained are ob-

served to be similar. Thus, function-costing may be used

to obtain a cost estimate given a speci�ed torque at a spec-

i�ed speed and the requirement that this operating point

corresponds to the maximum continuous power operating

point.

Table 4. Comparison of Cost Estimates for Operating Point Speci�cations

(Td; !d) C�

tot Ltype Pd Cest I Ltype
�= I

(0.35,650) 36.12 X 227 38.22 M1 X

(0.6,500) 42.86 X 300 43.84 M3 X

(0.8,450) 46.75 Z 360 47.73 M4,M5 Z,Y

(0.7,600) 50.30 Y 420 51.31 M5,M6 Y

(1.1,400) 53.12 Y 440 52.46 M6 Y

(1.0,500) 56.54 Z 500 55.78 M7 Z

(1.2,450) 57.20 Z 540 57.92 M7 Z

(1.45,400) 62.75 Z 580 60.00 M8 Z

Table (4) also identi�es the standard motor I that is

closest to realizing the speci�ed torque at a speci�ed speed

(or a speci�ed continuous output power) using

I = argf
8

min
i=1

(jCi � Cest(Pd)jg (11)

For instance, if Pd = 580 W, Cest(Pd) = $60:00,

and the `closest' motor is identi�ed as `M8' from I =

argfmin8i=1(jf35:93; 40:94; 43:58; 44:63; 47:76; 55:1; 54:68; 63:8g�
60:00jg. The lamination type Ltype corresponding to this

motor is compared to the Ltype obtained from the optimiza-

tion formulation. We observe that the the Ltype obtained

from the optimization formulation is a subset of the Ltype of

the closest motor. This suggests that the lamination type

is the critical factor in determining the cost of a motor for

a speci�ed operating point.

Thus, given a speci�ed operating point that needs to be

realized at maximum e�ciency, the standard motor that is

closest in cost to the custom-design may be identi�ed using

function-costing (based on the continuous output power),

and the lamination type of this motor may be used as the

lamination type of the custom-design, thereby simplifying its

optimization formulation.

We now solve a customization scenario where, in addi-

tion to a speci�ed operating point, there is a constraint on

the available power supply.
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6.2 Speci�ed Operating Point and Power Supply Constraint

This example illustrates how function-costing and

feature- abstraction (from a standard base design) may be

used to simplify the optimization formulation of customiza-

tion with multiple requirements.

In the examples discussed so far, the maximum supply

voltage available Vd = 80 volts and the required voltage

(regulated by a variable power supply drive) is always less

than this, so that the power supply constraint described

in Eq. (5) is inactive. We now consider a customization

situation where the operating point (Td; !d) = (1:5; 395)

and the power supply available is a battery supplying a

voltage Vd = 32 volts. None of the standard motors

can operate at Vd = 32 volts and realize the speci�ed

operating point|customization is necessitated. We have

Pd = Td�!d = 592:5 Watts so that an approximate cost of

the custom-design is estimated as Cest(Pd = 600) = $60:80

using Eq. (10). The standard motor closest in cost to this

estimate of the customized motor is M8 and the lamination

type Ltype corresponding to this motor is Z. The simpli�ed

problem is obtained as

Minimize Ctot(nl; Awire; N;Mph)

w. r. to fnl; Awire; N;Mph; ag
subject to

h1 : !
�

cont =
�3Th
8D

+

p
9T 2

h
+ 1088D

R
th

8D

h2 : T
�

cont = ktf
168
R
th

�D!�
cont

2
�Th!

�

cont

R
g0:5

h3 : D = 1:77� 10�6nl h4 : Th = 3:27� 10�4nl
h5 : Rth =

1
171:67Acas

h6 : Acas = 2�f2:3� 10�3 + 4:8� 10�2(5:8� 10�4nl + 0:095)g

h7 : kt = Ctor
11:31Nnl
10�5a

;h8 : Ctor = f 2
3
; 1
3
g �=Mph = fY;�g

h9 : 1:26� 10�5
TreqKCresLwire
CtorAwireNnl

+ Ctor
11:31�10�5Nnl

a
!d = 32

h10 : Lwire = 24N [5:8� 10�4nl + 0:0721]

h11 : K = f4; 2g �= a = f1; 2g
h12 : Cres = f2; 2

3
g �=Mph = fY;�g

h13 : Td +D!d + Th � T �cont � 0 h14 : !d � !�cont � 0

g1 : AwireN � 260� 10�7

(12)

Constraint h9 models the power supply constraint.

The other constraints have been obtained from the con-

straints of Eq. (9) after substituting Ltype = Z. Using

the genetic algorithm with the �tness function taken as

F = Ctot + 100h29 + h214 + 500h213 + 100g21, we get the

optimal cost of the customized motor Ctot
� = $61:53.

The optimal values of the design variables are obtained as

fn�l ; Awire
�
; N�;Mph

�
; a�g = f132; 17; 16; Y; 2g.

The customized motor realizes the speci�ed torque of

1:5 N-m at the speci�ed speed of 395 rad./sec with a supply

voltage of 32 Volts. The constraint g1 is active at the op-
12
timum. The design solution is similar to the standard M8

design except for variables Awire and N . Also the prod-

uct Awire � N is the same for the standard and custom

designs. The standard design is infeasible because it vio-

lates the power supply constraint and the customized de-

sign `�xes' this with a winding change. Our solution for the

customized design is consistent with an industry practice of

changing the windings (while keeping AwireN constant) to

accommodate non-standard supply voltages.

7 INSIGHTS OBTAINED AND DISCUSSION

The primary contribution of this paper is the develop-

ment of a new method of mass customization, namely the

customization around standard products or catalog-based

customization. The method addresses the customization re-

quirements of a class of products that are complex in con�g-

uration, multi-functional and structurally similar. We have

formulated catalog-based customization as an optimization

problem consistent with the manufacturer's desire of to min-

imize the cost of redesigning existing standard components

to meet customer speci�cations.

We identi�ed the generational structure as the preferred

structure for the cost analysis in developing the objective

function of this optimization problem. The cost-estimation

methods that the generational structure uses to calculate

its component costs are weight-based, similarity principles

and regression analyses. The material cost components of

the components are estimated by the weight-based estima-

tion methods. The production costs associated with the

assembly of the primitives are estimated by using similar-

ity principles. The exponents of the power law suggested

by the similarity principle may be accurately estimated by

applying regression analyses to the production cost data of

the existing standard catalog products. The product cost

function may thus be developed and the resulting optimiza-

tion problem (or customization model) solved using genetic

algorithms.

Another cost structure that we have identi�ed as useful

to customization is the function-based structure which de-

pends on product functionality. The cost/performance data

for the standard products in a catalog allow us to obtain a

cost-performance relation (also called function-costing) us-

ing the regression method of cost estimation. Besides ob-

taining a rough idea of the cost of customization, function-

costing may be used to simplify the optimization formu-

lation of catalog-based customization. Given multiple and

con
icting design speci�cations, if we can identify a pri-

mary speci�cation, an estimate of the cost of the customized

design may be obtained using function-costing. The stan-

dard product that is closest in cost to the estimate obtained

can then be used as the standard design upon which to
Copyright c
 1999 by ASME



base the customization. By comparing features of the stan-

dard base design obtained by function-costing with the fea-

tures obtained by solving the optimization formulation of

customization (for the speci�ed primary performance mea-

sure), the features that have the maximum impact on deter-

mining product cost may be identi�ed. These features may

be abstracted into and used to simplify customization sce-

narios with multiple speci�cations (including the primary

performance measure). Of course, the validity of function-

costing needs to be �rst established and this is accomplished

by comparing cost-estimates obtained by function-costing

and from the optimization formulation.

From the perspective of the design of fractional horse-

power brushless permanent magnet motors, this paper

makes the following contributions. We have provided ev-

idence supporting the function-costing hypothesis for frac-

tional horse-power BDCPM motors with the primary func-

tion of providing a continuous operating torque at a speci-

�ed speed. We have developed equations that capture the

cost/performance relation for these motors. The equations

developed are global and may be used to search di�erent

catalogs for potential candidates for customization. We

have also shown that domain-speci�c knowledge about BD-

CPM motor design can be abstracted by comparing the

features of the closest motor (in the cost sense) identi-

�ed by function-costing to the features obtained from the

optimization formulations for the primary performance re-

quirements. The common features obtained from this com-

parison are essentially the (manufacturer-speci�c) princi-

ple cost-drivers for the primary performance requirements.

For the manufacturer considered in this study, we observed

that the lamination type is the principal cost-driver for

the requirement of continuous operating torque at a spec-

i�ed speed|similar insights may be obtained by applying

catalog-based customization to other manufacturers of BD-

CPM motors.
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