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In the design and optimization of artifacts requiring both mechanical and control des
the process is typically divided and performed in separate steps. The physical struct
designed first, a control strategy is selected, and the actual controller is then desig
This article examines how this separation could affect the overall system design an
the combination of the separate problems into a single decision model could improv
overall design, using an electric DC motor as a case study. The combination is chal
ing since the two problems often have different design criteria, decision objectives
mathematical model properties. Furthermore, the two problems are often fully coupl
that the physical structure depends on the controller and the controller depends o
physical structure. A Pareto analysis is suggested as a rigorous way to compare a v
of design scenaria.@DOI: 10.1115/1.1460904#
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1 Introduction
Modern mechanical artifacts are increasingly ‘‘smart.’’ Artifac

are designed to function in a changing environment and to a
to these environment changes. In creating such artifacts we
tend to ‘‘create the design’’~its topology and embodiment! and
then ‘‘design the control’’~affect its response!. These design task
are generally treated as partially coupled— with the design aff
ing the control, but not the control affecting the design— enco
aging a sequential approach to performing the tasks. Since
initial design of the artifact affects its control characteristic
control-related design criteria must be incorporated early in
design process, when adaptive performance is important an
expensive.

One way to account for the coupling effects is to introduce
iteration. An initial design is optimized, then its control is op
mized; the performance of the design under this control is t
studied and the design problem is modified if its controlled
sponse is not satisfactory. One issue that comes up in suc
approach is the order of the sequence. Should the artifact be
signed first and then the control, or vice versa? Would chang
the order of solution also change the solution itself?

These issues have been addressed primarily in the con
community for some time. Researchers in the areas of struct
and mechatronics have brought the issue to the forefront dem
strating in several articles that design and control needs to
considered together as a single optimization problem~see, for
example, @1–3#!. The literature explores various methods th
work under specific circumstances. In those applications the p
lems are partially coupled. In designing an electric motor, the c
study in this article, the problem is fully coupled: in order
design the motor, power and torque ratings must be assum
which in turn must be related to the power and torque that
controlled motor actually uses. This article adapts methods f
the literature to solve the fully coupled problems, which crea
several new issues. The most daunting issue is whether the
egies can achieve the same answer, and, if not, whether th
intentional or not. Theoretical questions, such as under what
ditions the answers are the same, quickly follow.

The article begins to explore these questions assuming a de
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NAL OF MECHANICAL DESIGN. Manuscript received Oct. 1999. Associate Editor:
M. Vance.
Copyright © 2Journal of Mechanical Design
ts
apt
first

ct-
ur-
the
s,
the
d/or

an
i-
en
e-

an
de-

ing

trols
res
on-
be

at
ob-
ase
o
ed,

the
om
tes
trat-

at is
on-

sign

or synthesis point of view. How should the design and control
combined? How can we formulate a combined optimal design
control problem? How does the solution sequence affect the s
tion? Using a classical example of an electric direct current~DC!
motor, several techniques of optimizing the design and con
system are examined in an empirical manner to explore the
sibilities. The example shows that it does make a difference h
one combines the tasks and paves the way for theoretical q
tions that must be studied further. A DC motor is typically selec
with a specific application in mind. Here the ‘‘application’’ i
specified with a load torque profile and a desired load speed.
motor weight and speed error are critical. A motor and contro
must be developed to meet these needs optimally.

In the following sections a consistent design and control ter
nology is presented first. Fully coupled models for the motor
sign and control are developed. Strategies for performing
optimal design and optimal control tasks are then outlined
applied to the models. The results of these computations are
sented and used to pose some broader research issues in the
mization of artifacts that require both design and cont
considerations.

2 Optimal Design and Control
Over the years design and control theorists have develop

standard set of symbols and terminology for each field. As fo
turns toward combining design and control into a single syst
theory, there is an immediate need to distinguish the represe
tion of quantities and equations used for the design and the co
sides. This section seeks to formalize a common language
combined design and control problems.

For the purposes of this paper, several conventions are
served. In a function representation, such asf (x;p), all quantities
before the semicolon are considered variables and all quant
after the semicolon are considered parameters of the func
Parameters are fixed during the optimization process involving
function. Vector quantities appear in bold. The nomenclature u
is summarized in Table 1.

2.1 Artifact Design. Artifact design in this context is the
use of a mathematical model to determine appropriate value
variables in the model. The mathematical model, called aGeneral
Design Problem~GDP!, defines the relevant relationships and r
strictions of a physical system to its quantities of interest,

J.
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design variables,d, and the design parameters,c. Design variables
describe the design; assigning a set of values to the design
ables gives a specific design. Design parameters describe
quantities that are considered to be fixed during a design st
For examination of the combined design and control problem,
design parameters have been separated into two typesa,
‘‘simple’’ parameters of the design problem that donot depend on
the control problem, andb, parameters of the design problem th
do depend on the control problem, soc5$a,b%, Fig. 1. Similarly,v
is the set of parameters of the control problem that depend on
design problem, sov5V~d;c!. The vectorsg and h represent in-
equality and equality constraint functions, respectively. The se
all possible design variables that satisfy the constraints of
GDP is called thefeasible space.

Fig. 1 Design problem

Table 1 Nomenclature for generic optimization models
184 Õ Vol. 124, JUNE 2002
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Decisions regarding the determination of the best set of de
variables in the feasible space generally involve the transfor
tion of the GDP into an Optimal Design Problem~ODP! by add-
ing a scalar metric, the objective functionf, Fig. 1. Many well-
known methods exist to solve the ODP mathematically a
find an optimum. Quantities at the optimum are indicated w
a superscript asterisk. In this formulation the solution to the O
determines the parametersv5V~d* ;c!, as a result of the optimiza
tion. However, the optimal designd* should be checked to
confirm that it allows the existence of the coupling parame
values, namely, that a set of ‘acceptable’ control parameters e
at the optimal design solution. Checking such acceptability w
out carefully studying the control problem can be difficult
impossible.

2.2 Artifact Control. Artifact control attempts to achieve
desired response in a dynamic physical system. A mathema
model of the dynamic system, theGeneral Control Problem
~GCP!, defines the relationships between inputs and outputs
system over a time continuum and may include constraints
bounds on the system. The inputs to the system are the co
signalz(t) and parametersw. As in the design problem, the con
trol parameters are divided into two sets,u andv, which represent
‘‘simple’’ parametersu that donot depend on the design problem
and parametersv thatdo depend on the design variables, Fig. 2.
resultant set of parametersB indicates the effect of the contro
problem on the design problem. The statesx(t) of the system in
time are related to the inputs by the dynamical equationsr. The
response relationss define how the inputs and states prescribe
measurable responsey(t) of the system. The equalities and in
equalities,k and l, respectively, represent constraints and boun
on the system. A special case of the GCP is the general
problem~GGP!. The GGP has an extra constraint, called a con
strategy, that relates the control signalz to the responsey and
controller gainsp. This relationship is predefined for a given pro
lem based on an engineer’s experience and experimentation.

Similar to the design problem, the GGP is expanded into
Optimal Gain Problem~OGP! by adding a performance index, th
functional J, which is minimized to findz(t) for a prescribed
period in time, fromt50 to t f , Fig. 2. The solution to the OGP is
the optimal control functionz* (t). The parametersb can then be
determined:b5B(x(t),z* (t),t;w).

In the present study we assume that a control strategy ha

Fig. 2 Control problem
Transactions of the ASME
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ready been selected~or would be selected as a separate decis
task! and that the functionz(t) is defined relative to this particula
controller, as mentioned previously.

2.3 Combined Design and Control. When one wants to
design and control an artifact ‘‘optimally,’’ the implication is tha
the solution should be optimal for the whole system. The conc
behind the combined optimization formulation is that the solutio
arising from separate design and control optimizations may no
optimal from an overall system standpoint@4,5#. For example, the
effect of the embodiment of the artifact on its control can
important@6#.

In some systems, such as DC motors, the embodiment of
artifact affects its controland the control of the artifact affects its
embodiment. For a DC motor the optimal length of the wir
depends on the voltage and current that runs through the m
wires, and the voltage and current depend on the resistance o
wires, which is directly related to the length of the wires. In ord
to assure that such a coupled system is optimized, the design
control optimizations must be combined in some manner.

Ideally, the combined optimization problem should appear a
Fig. 3. A system objective is optimized to find appropriate valu
for the variablesd and p with system parametersa and u. The
design and control must be solved simultaneously in agreem
with the internal coupling quantitiesb andv that vary to allow the
matching ofb with B andv with V. The difficulty with this setup
is that this agreement of the coupling quantities requires the c
straints to be solved as a set of simultaneous, algebraic, diffe
tial equations, including both equalities and inequalities. Solv
this set of equations is very challenging in itself. Furthermore,
entire set of equations may not be readily examined since di
ential equations for the dynamic system are often represente
complex simulations rather than explicit equations. Combin
problem solution techniques must each address the coupling
rameter issue for models that have bothb and v types of
parameters.

Selection of an objective for optimization of the combin
problem is also an issue. For a DC motor, perhaps the system
is to make the most profit selling motors. A design objective
minimizing the weight may be equivalent to minimizing the co
of the motor. Customers may be more willing to pay for the mo
if it has a minimum response error and uses a minimum amoun
electricity, as posed by a control objective. Which goal will ma
the most profits: reducing costs or increasing sales? The an
must certainly depend on the relative importance of the two go
in the customers’ mind; this suggests some form of a weigh
objective, for example, linearly combining the design and con
objectives. A Pareto solution will be typically generated.
course, sales of products in real markets may not even be dire
related to technical criteria, but could be driven by aesthetics
life style perception. Assuming that quantifiable objectives can
found, the combined design and control problem can be addre
as a multicriteria optimization problem. Studying such object
formulations in depth is beyond the scope of the present art
we will assume that a simple linearly weighted objective lead
to Pareto solutions will suffice.

Fig. 3 Desired combined problem setup
Journal of Mechanical Design
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The next section presents a DC motor model that exhibits a
the qualities described above.

3 DC Motor Model
In a DC motor, mechanical design determines the rotor dim

sions and winding characteristics; control design determines
input voltage or current~depending on the type of motor! needed
to control the rotational response of the rotor. The particular
ample motor needs to operate at half speed under a specified
and with a desired speed. Goals of the system are to minimize
weight of the motor, the speed response error for the test, and
voltage required to drive the motor during a test schedule.
Table 2 for nomenclature.

3.1 Motor Design Problem. The design problem examine
the static characteristics of the motor, such as the number of t
on the field coils and the full load power rating of the motor. T
design objective is to minimize the motor’s weight subject to co
straints on the configuration~windings, magnetic fields! and con-
straints on service requirements~speed, power!. The design equa-
tions for creating the DC motor model given below in Eq.~1!
were developed using the text by Hamdi@7#.

minimize
D,L,Lwa,Lw f ,ds

W5rcu~AwaLwa1Aw fLw f!1r f eLp~D1ds!
2

subject to:

Table 2 Nomenclature for DC motor model
JUNE 2002, Vol. 124 Õ 185



s

o

ob-
ro-

o
-

we

ol

rat-
ith
er

al
op-
on-
ti-

-
ow

tage
the
h15ac2
2b3Lwa

phab1S 2L1
2.3pD

p
15dsDD

h25I f2
Aw f

2 b1

hfLmt fbf cf c fpr
h35Bg2func~ac!

h45Lmt f2S L12bf c1
c

L D h55hf2
0.76c

L

g15
pD

p
20.38 g25

2DBg

~D22ds!
21.8

g35
pD

b2
225 g4582

pD

b2

g55
Lp

pD
20.9 g650.62

Lp

pD

g75
2D

~D22ds!
23.5 g852.52

2D

~D22ds!

g95Bg20.8 g1050.32Bg (1)

g115ds2
2p~D22ds!

S
g125ds20.5D

g135ac220 g14562ac

g155b32p2cBgacD2Lb2

g165b42
p

2
cBgacD2L

g175
1.2LwaAwa

2L12.3
pD

p
15ds

2pS S D

2 D 2

2S D

2
2dsD 2D

g1855002
I f

2Lw fr

Aw f~Lmt1bf c!hf

g195
I f

2Lw fr

Aw f~Lmt1bf c!hf
2750

For the control problem:

V15Ra5
rLwa

4Awa

V25Km5Km~D,L,Lwa ,Lw f ,b1 ,p,Awa ,Aw f!

V35La5
pcm0Lwa

2 DL

0.025pDS 2L1
2.3pD

p
15dsD 2

V45Ja50.5pr f eLS D

2
2dsD 2

10.5rcuLwaAwaS S D

2 D 2

1S D

2
2dsD 2D

Using the variable and parameter definitions of Section 2,
design variables ared5@D,L,Lwa ,Lw f ,ds#

T and the parameter
are b5@n,V,Pmin ,Tmin#

T and a5@rcu ,r f e ,c,p,S#T. Parameters
for the control problem are computed for the vectorv
5@V1 ,V2 ,V3 ,V4#T. Figure 4 offers a pictorial representation
the problem structure.

3.2 Motor Control Problem. The DC motor control prob-
lem may take any of several forms, depending upon how
186 Õ Vol. 124, JUNE 2002
the

f

the

motor is wound and where the controller is applied. For this pr
lem, an armature-controlled motor will be examined with a p
portional plus integral plus derivative~PID! controller configura-
tion, which requires the choice of three control gains.

As shown in the lower half of Fig. 4, the controller has tw
inputs, control gainsp and parametersw, and three outputs, per
formance indexJ, control constraintsl and parameters for the
design problemB. The model is as follows:

minimize
Kp ,Ki ,Kd

J5E
0

t f

verr
T Qverrdt1Vmax

subject to:

F i
v G5F 2v1

v3

2v2

v3

v2

v4

B

v4

G F i
v G1F 1

v3

0
G z1F 0

21

v4

G tL

y5@0 1#F i
v G

z~s!

E~s!
5KP1

KI

s
1KDs E~s!5y~s!2yd~s!

l 152Kp l 252Ki l 352Kd (2)

B15Vmax5max~z! B25n5max~v!

B35Pmin5max~zi!

B45Tmin5max~Kmi2tL!

Using the variable and parameter definitions of Section 2,
have x(t)5@v,i #T, p5@Kp,Ki ,Kd#, v5@L f ,R,K,J#T, and u
5@B,Q,r ,tL#T, with the voltage applied to motor as the contr
signalz(t).

The PID controller is perhaps the most common control st
egy used in industry. The optimal gain problem for the motor w
a PID controller configuration will be solved numerically. Oth
control strategies such as the linear quadratic regulator~LQR!
could permit direct analytical solution of an unconstrained optim
control problem. However, in some of the solution strategies,
timizing the combined system may not demand an optimal c
troller, so replacing the optimal control problem with the analy
cal equation for control optimality may not be desirable.

3.3 Motor System Model. For the complete system prob
lem shown in Fig. 4, special attention should be paid to the fl
of the parametersb and v. In traditional design and control of a
motor, one set of parameters, typicallyb, is specified in the prob-
lem statement—for example, a desired horsepower and vol
motor. For an optimal system, however, one might expect that

Fig. 4 Motor design and control problem
Transactions of the ASME
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size for which the motor system is designed should identic
match the size that the controlled system requires; extra size
no advantage. Since the controlled system depends upon the
tor’s characteristic parametersv, and the designed system depen
on the motor’s controlled parametersb, the flow of parameters
forms a loop in the optimal system design. Each design scen
must address the numerical solution of the loop formed by th
parameters.

The design objective of minimizing the weight is assumed to
proportional to the cost of the motor. It is also assumed that
value of the motors is proportionally higher if it has a minimu
response error and uses a minimum amount of electricity, as p
in the control objective. In the linearly weighted system object
the weights are considered initially to be equal. The two obj
tives, the motor weight and the control performance index, h
different orders of magnitude, and they are scaled by multiply
the design objective by ten. Selecting different weights will
explored further below.

4 Solution Strategies
This section addresses strategies that can be used to solv

timization formulations for the separate and combined design
control problems. The strategies presented are divided into
categories: sequential and concurrent strategies.

In sequential strategies, including ‘‘single pass’’ and ‘‘iterative’’
strategies, two separate optimizations, one for the design prob
and one for the gain problem, are performed in an unrelated m
ner. Thesingle pass strategyfollows the traditional plan: an opti-
mal design is found, followed by optimal controller gains, and
system is checked for acceptability. The single pass solutio
dependent on initial guesses for one set of coupling paramete
the parameters of one problem that are dependent on the sol
to the other problem. Theiterative strategyattempts to remove
this dependency by repeatedly finding an optimal design and
optimal controller until the coupling parameters match. The
quential strategies present a difficulty in system optimizati
while one can prove that the design is optimum and the contro
is optimum, there is no straightforward mathematical way
prove that the combinedsystemis optimum.

The concurrent strategies, including ‘‘decoupled system’’, ‘‘all
at once’’ and ‘‘bilevel’’ strategies, enable consideration of optim
ity conditions for the entire system. In thedecoupled system strat
egy, a direct extrapolation of the single pass strategy, one se
coupling parameters is fixed and optimization is performed on
combined system. As in the single pass technique, the result
depends on the initial guesses for the coupling parameters. Thall
at once strategyremoves that dependency. The coupling para
eters are treated as variables and the output parameters res
from a design/control sequence must match the correspondin
put variables. This method, however, tends to be the most c
lenging to solve computationally. Thebilevel strategy, developed
for structural applications, treats the optimal gain selection a
subproblem to the system optimization problem. If the optim
gain selection problem is formulated as a linear quadratic reg
tor ~LQR!, an analytical solution may be found. If the problem
not an LQR, other control techniques may be applied to find
optimal controller. In either case the combined problem becom
significantly more tractable. In the motor study we use this st
egy with a PID controller.

In general, the concurrent optimization strategies are more
ficult to solve than the sequential strategies. However, the ad
tage of being able to know whether or not a solution is a ma
ematical optimum of the system may be worth the extra eff
The remainder of this section examines in more detail each of
five design scenaria applied to the DC motor study.

4.1 Single Pass Strategy. Design and controller are opti
mized separately, taking full advantage of the analysis techniq
in each discipline. The separation is achieved by fixing a se
initial coupling parameters, eitherb or v, and then sequentially
Journal of Mechanical Design
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finding an optimal design and corresponding optimal gains, Fig
The coupling parameters, which are inputs to the design and
puts from the control or vice versa, are examined for acceptabi
As long as the resultingB or V indicate that the system require
ments were met~for example, the designed power is larger th
the amount of power to which the controlled motor is subjecte!,
the method terminates and the solution could be deemed ‘‘o
mal’’ from both the design and control points of view. From
system level point of view, this ‘‘optimal’’ solution could be
wrong whenever non-zero differences exist betweenb andB or v
andV. Further, the design-first-then-control and the control-fir
then-design solutions do not necessarily match; in fact, one wo
expect them not to match unless the initial parameter values w
perfectly chosen. Thus, the system analyst could have two dif
ent ‘optimal’ solutions without being able to express furth
preference.

4.2 Iterative Strategy. The iterative strategy takes advan
tage of the separate design and control analysis techniques, w
addressing two of the drawbacks in the single pass strategy
dependence of the solution on the initial guess for the coup
parameters and the probable difference of the design-first-th
control and the control-first-then-design solutions. This
achieved by adding a feedback loop to the single pass strat
Fig. 6. The system is repeatedly designed and controlled until
coupling parameters,b and B or v and V, are matched within
some tolerance or a preset number of iterations has been
formed. The ‘‘optimal’’ iterative solution must have optimal solu
tions for both the design and control problems, and the parame
must match. For example, the power for which the motor is o
mally designed must match the power used by the optimally c
trolled motor. The immediate consequence of the iterative proc
is that both the design-first-then-control and the control-first-th
design sequences should give the same optimum~for a unimodal
problem! with a sufficiently tight termination criterion and suffi
ciently many iterations. At the system level, these solutions co
more plausibly be called ‘‘optimal’’ than the single pass solution
although there is no mathematical proof for the argument.
achieve an optimum mathematically, conclusions must be dra
based on the system goals.

4.3 Decoupled System Strategy. This combined design
and control strategy allows the sequential use of the design
control problems, while the entire system is optimized. As in
single pass strategy, this strategy requires fixing the in

Fig. 5 Single pass strategy

Fig. 6 Iterative strategy
JUNE 2002, Vol. 124 Õ 187
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parameters,b or v, and constraining the resultingB or V to be
acceptable, as shown in Fig. 7. Acceptability is identical to t
from the single pass strategy, in that the designed-for conditiob
or v, needs to be at least as large as the level,B or V, which
results. For example, the power for which the motor is desig
needs to be larger than the power used by the controlled moto
satisfactory operation. Again, there is an undesirable param
dependence on the inputb or v, but judicious selection of those
parameters can lead to an overall improvement of the solutio
the combined problem as compared to the sequential formula
Since this optimization is performed on a system representatio
mathematical optimum can be declared, yet the dependence o
solution on one of the sets of parameters may make this me
somewhat undesirable.

4.4 All At Once Strategy. Perhaps the best method fo
achieving the system optimum involves a problem combinat
with the input parameters as variables—an all at once~AAO!
methodology. One set of coupling parameters, eitherb or v, be-
come variables and acceptability constraints are imposed on
corresponding output parameters,B or V, after a design and con
trol solution cycle, Fig. 8. There is a temptation to require that
coupling parameters identically match. However, such a se
equality constraints puts a stricter requirement on the optim
reduces the feasible space, and potentially gives a worse solu
In all likelihood, some of these constraints will be active, but t
optimization algorithm should determine this. With this formul
tion, the optimal solution is mathematically provable at the syst
level. The drawbacks of both the sequential strategies and
decoupled system strategy are removed, but the problem is la
and the method is more computationally demanding. If solutio
possible, the AAO strategy should be preferred for solving
system optimization problem.

4.5 Bilevel Strategy. Here, the optimal gain problem i
treated as a subproblem of the optimal system problem, Fi
@1,2,8,9#. This strategy finds the minimum combined objective f
the system, assuming that the system optimum occurs when
gain problem is minimized. The main advantage is that techniq
for solving the optimal gain problem may be directly applied.
structural applications a common controller configuration is
linear quadratic regulator~LQR! whose optimal gain problem ha
an analytical solution–a mathematical expression that solves
problem and eliminates the need for numerically intensive ite
tions. Outside the structures field, the most prevalent contro
configuration is the PID controller. Though the optimal PID ga
problem does not typically have a direct analytical solution
may be asserted that using an alternate controller configura
such as a PID controller will not change the form of the syst
optimization strategy. In the case study here, the motor is c
trolled using the PID control strategy. Future work is expected
confirm that the system optimization solution strategies are
affected by such a change in controller configuration.

Fig. 7 Decoupled system strategy „b fixed …
188 Õ Vol. 124, JUNE 2002
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5 DC Motor Design
Optimization of the DC motor was performed using a sequ

tial quadratic programming~SQP! algorithm. Since SQP finds lo
cal optima, a multi-starting point technique was employed in
search. These starting points included the values that result f
the all at once strategy. Even then, the other methods move a
from the starting values of the system optimum. Three cause
this phenomenon are that~1! the fixed parameters were not held
their system optimal values,~2! the AAO solution is infeasible
due to the way the alternative strategy assembles the constra
or ~3! the coupling parameters change from their system opti
values due to the sequence of solving the design and then
control problem. Though the interpretation of these events is
presented in this work, subsequent work has confirmed that th
causes result from the formulations of each strategy and not f
numerical difficulties@10,11#.

In Table 3 the results are presented for the different des
scenaria as applied to the DC motor. Divided cells in the ta
represent the values forb or v ~top! andB or V ~bottom!. In the
remainder of this section we will briefly discuss these results
their significance.

5.1 Single Pass Strategy. From Table 3, the traditiona
single pass strategies are the worst, with both high design wei
and high performance indices. In addition to having the wo
objective, the dependence of the method on the input parame
b and v, make it undesirable. Considering the other solutions
the table, picking the best of the single pass solutions does
necessarily qualify the single pass strategy as a reasonable
proach to obtain the optimal system level solution.

5.2 Iterative Strategy. The iterative design-first strategy i
an improvement over the single pass design-first strategy w
the iterative control-first strategy is not. This demonstrates
importance of the choice of the next iterate in this method. Us
a naı¨ve algorithm, such as replacing the old coupling parame
value with the new iterate, a poor initial solution may lead to
even worse solution. However, a more judicious iterate selec
process indicates that the iterative solutions can improve
single pass ones and require no new theories or problem for
lations. With a good iterate selection process and enough it
tions, the results become similar regardless of the order of

Fig. 8 All at once strategy „b variable …

Fig. 9 Bilevel strategy
Transactions of the ASME
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Table 3 Motor optimization results
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optimization~though one could foresee differences if the proble
had multiple optima!. There is no dependence on guessed par
eter values. A difficulty of this strategy is that there is no info
mation about thesystem’soptimality conditions: mathematically
one cannot prove or disprove that the result is an optimum. A
without system level sensitivity~Lagrange multipliers!, there is no
way of knowing how the optimum will change when a constra
is perturbed.

5.3 Concurrent Strategies. The concurrent strategies pro
duce better results than the sequential strategies. The deco
system strategy provides a better objective value than the seq
tial strategies. Some of the coupling parameters are satisfied a
same values as the design-first single pass solution. Howeve
problem of the dependence on the input parameters is still pre
The bilevel strategy has the second best ‘‘optimal’’ solution. F
ther study of this method as applied to the motor indicates that
method may not allow the full exploration of the feasible spa
due to the requirement that the controller be optimal at each
sible point in the system level optimization. Examination of th
phenomenon requires further research. Overall, the best optim
of Mechanical Design
m
m-
r-

so,

nt

-
pled
uen-
t the
, the
ent.
r-
the
e,
ea-
is
iza-

tion result comes from using the AAO strategy. The soluti
meets the optimality conditions, guaranteeing that it is indee
local optimum.

5.4 Motor Sizing. As shown in Table 3, the design scenar
find an outwardly similar motor whose diameter and length
close. The major difference occurs in the windings of the mo
The better solutions have significantly smaller armature windin
even sacrificing an increase in the field windings. This reduces
weight of the motor and also reduces the control coupling par
eters, the resistance, inductance and inertia of the arma
The reduced coupling parameters allow a faster response in
controlled motor. The integral gains for the controllers are a
similar, but the proportional gains are smaller in the two bet
solutions.

5.5 Constraints. Table 4 presents a comparison of the a
tive constraints at the ‘‘optimal’’ solutions for each strategy. In
solutions, the design torque constraint,g16, is active. Constraint
g18, the lower bound on the permissible heat loss per unit are
the winding surface, is active in all sequential strategies while
JUNE 2002, Vol. 124 Õ 189
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upper boundg19 is active in the decoupled system and bilev
strategies. Interestingly, neither is active for the all at once st
egy that provides the best solution. The sequential control-
strategies find the lower bound of the length to pole pitch ratiog6
active while the other strategies, except for the iterative des
first strategy, have the upper boundg5 active. The limit on the

Table 4 Active constraints
190 Õ Vol. 124, JUNE 2002
el
rat-
rst

gn-

tooth width to slot depth ratiog11 is active only for the control-
first strategies. The design-first and the concurrent strategies
the magnetic saturationg2 and the bound on the specific electric
loadingg13 to be active. The iterative and the single pass desi
first strategies have the lower bound on the armature’s periph
speedg4 active, while the decoupled system strategy identifies
upper bound as active. The differences between the sequentia
concurrent strategies, especially where the bounds on a v
switch from lower to upper, indicate a strong need to exam
overall system optimality conditions when using the tradition
sequential strategies.

5.6 Motor Responses. The response and input signal are
particular interest in the control of a system. Figure 10 shows
speed responses, input voltages, and power responses for the
cal first second of the simulation at the optimal solution. The b
controller uses the least voltage and has the fastest response
very little overshoot. The bilevel strategy also has a fast respo
and uses a small voltage, but with high overshoot and po
requirements. In contrast the bilevel strategy has the largest
gral gain, while the AAO strategy has one of the smallest. T
sequential strategies have slower controlled responses, more
shoot, higher voltages and less power. The decoupled system
egy generally falls between the other concurrent strategies and
sequential strategies.

5.7 Pareto Solutions. The concurrent strategies that provid
better solutions create a new difficulty: the definition of the co
bined objective. In this study a weighted sum objective was us
Table 3 presented the results for equally weighted objectives.
ther examination of the all at once strategy leads to the deve
ment of a Pareto set that indicates the effect of the weights on
optimal solution. By varyingÃ1 and letting Ã2512Ã1 , the
Pareto curve in Fig. 11 is created. Also included in the figure
the locations of the solutions from the other strategies. Any h
as to whether the other strategies were actually finding an o
mum that could be achieved with different weights is not justifie
Some progression from the single pass to the iterative strategi
evident. Although the control-first strategy moves further from t
Pareto curve, the design-first strategy moves toward the curv
is not expected that the trend will eventually reach the Par
curve. As previously discussed, the iterative strategies’ attemp
achieve matching coupling parameters actually places a str
requirement on the solution than carefully chosen inequalities
Fig. 10 Responses „abbreviations as in Table 3 …
Transactions of the ASME
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6 Conclusion
The DC motor model provided some interesting insight into

optimization of fully coupled design and control systems. T
typical separation of optimal design and optimal control does
lead to an optimal system. Rather, the artifact design and con
analysts need to integrate their modeling tasks to explore sys
level optima. This presents both intellectual and mathemat
challenges.

Design and control analysts generally do not think in the sa
terms. However, the mathematical rigor of optimality conditions
necessary for combined design and control systems, and fu
investigation of new types of combined objectives is needed.
timization methods may be called into question as the size of
combined system model increases. Even if both the design
control models can be considered separately as small-scale
able systems, the combined system may cross the line into l
scale system optimization, where there are too many variables

Fig. 11 Pareto solutions „abbreviations as in Table 3 …
Journal of Mechanical Design
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many constraints or too expensive function evaluations for
typical optimization routines. However, as these issues are b
addressed, improved electromechanical systems are sure to r
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