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1 Introduction or synthesis point of view. How should the design and control be

Modern mechanical artifacts are increasingly “smart "Artifactscombined? How can we formulate a combined optimal design and
gy ’ control problem? How does the solution sequence affect the solu-

are designed to function in a changing environment and to ad%tn? Using a classical example of an electric direct curfx)

:0 tgise“enw;ontrt?enc} changtesi In ::reatlngdsuchbagt_lfac)t]savge fIr':r%tor, several techniques of optimizing the design and control
end to “create the designlits topology and embodimenan system are examined in an empirical manner to explore the pos-

then “design the control’(af‘fe_ct its respons)eThese design tasks sibilities. The example shows that it does make a difference how
are generally treated as partially coupled— with the_de5|gn aﬁe%tﬁe combines the tasks and paves the way for theoretical ques-
Ing the control, b.Ut not the control aﬁec“ﬂg the design— eNCOUfiHns that must be studied further. A DC motor is typically selected
aging a sgquentlal appr_oach to perfc_;rmlng the tasks. S'T‘C? a specific application in mind. Here the “application” is
initial design of the artifact affects its control characterlstlc% ecified with a load torque profile and a desired load speed. The

gon_trol-related des;]gn Crge”"’.‘ must fbe |ncorpc_)ra_ted early in %tor weight and speed error are critical. A motor and controller
esign process, when adaptive performance is important an rst be developed to meet these needs optlmally

EXpEnsIve. . . . In the following sections a consistent design and control termi-

_ One way to account for the coupling effects is to introduce gy,|qy is presented first. Fully coupled models for the motor de-
iteration. An initial design is optlmlz_ed, then |ts_control |s_opt|-sign and control are developed. Strategies for performing the
mized; the performance of the design under this control is thefliimal design and optimal control tasks are then outlined and
studied and the design problem is modified if its controlled regjieq to the models. The results of these computations are pre-
sponse is not satisfactory. One issue that comes up in suchs@hted and used to pose some broader research issues in the opti-

approach is the order of the sequence. Should the artifact be fgzation of artifacts that require both design and control
signed first and then the control, or vice versa? Would changiggnsiderations.

the order of solution also change the solution itself?
These issues have been addressed primarily in the controls ) )
community for some time. Researchers in the areas of structudes Optimal Design and Control

and mechatronics have brought the issue to the forefront demongyer the years design and control theorists have developed a
strating in several articles that design and control needs to §@ndard set of symbols and terminology for each field. As focus
considered together as a single optimization probleee, for tyrns toward combining design and control into a single system
example,[1-3|). The literature explores various methods thaheory, there is an immediate need to distinguish the representa-
work under specific circumstances. In those applications the pralyn of quantities and equations used for the design and the control
lems are partially coupled. In designing an electric motor, the casgles. This section seeks to formalize a common language for
study in this article, the problem is fully coupled: in order tcombined design and control problems.

design the motor, power and torque ratings must be assumedror the purposes of this paper, several conventions are ob-
which in turn must be related to the power and torque that tR@rved. In a function representation, suct @sp), all quantities
controlled motor actually uses. This article adapts methods frasefore the semicolon are considered variables and all quantities
the literature to solve the fully coupled problems, which creategter the semicolon are considered parameters of the function.
several new issues. The most daunting issue is whether the strrameters are fixed during the optimization process involving the
egies can achieve the same answer, and, if not, whether thatuisction. Vector quantities appear in bold. The nomenclature used
intentional or not. Theoretical questions, such as under what cag-summarized in Table 1.

ditions the answers are the same, quickly follow.

The article begins to explore these questions assuming a desigh-1  Artifact Design. Artifact design in this context is the
use of a mathematical model to determine appropriate values of

Contributed by the Design Automation Committee for publication in ther} variables in the model. The mathematical model, call€eaeral

NAL OF MECHANICAL DESIGN. Manuscript received Oct. 1999. Associate Editor: JD€sign Problen{GDP), defines the relevant relationships and re-
M. Vance. strictions of a physical system to its quantities of interest, the
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Table 1 Nomenclature for generic optimization models

/3
w
vV

- D;sign Problem Formulation C(O)ntrol =
a simple design parameters (states x(?) determined)
b design parameters, based upon the control problem 0w L
c parameters of the design problem = {a, b}
d design variables A
f objective for the design problem minimize J= J'j(x(;), (), 1, w)ds
h equality constraints for the design problem 0
g inequality constraints for the design problem n m M
q number of design variables =P re _[0’ Ahxe R ane Rope R
v control parameters, based upon the design problem subject to:
Control Problem Formulation

B design parameters, based upon the control problem & x = r(x(t), 2(0), £; w)
J performance index, objective for the control problem © _ .
j time dependent performance index, will generally be ale|? T SCe(n), 20, 15w

integrated with respect to time S8 | kx),z(),1w) = 0
k equality constraints for the control problem I(x(1), z2(6), 1, w) <0
) inequality constraints for the control problem w = {u,v}
m number of state variables
n number of control variables 1) = 2. (0)
p vector of control gains for a controller configuration b= B&x()), (1), 1; w) results
r dynamical equations for the control problem )
s response relations for the control problem Fig- 2 Control problem
t time continuum
u simple control parameters
v control parameters, based upon the design problem Decisions regarding the determination of the best set of design
w parameters of the control problem = {u, v} variables in the feasible space generally involve the transforma-
x() state variables as a function of time FIOI’] of the GDP |r_1to an Oppma_ll DeS|gn_ Prqble(@DP) by add-
o) measurable response of the controlled system ing a scalar metric, _the objective functidnFig. 1. Many well-
2(f) - control variables as a function of time k_nown met_hods exist to solve the O_DP mathe_me_ltlcally a_nd

find an optimum. Quantities at the optimum are indicated with

a superscript asterisk. In this formulation the solution to the ODP
determines the parametars-V(d*;c), as a result of the optimiza-
tion. However, the optimal desigd® should be checked to

design variables], and the design parametecs Design variables confirm that it allows the existence of the coupling parameter
describe the design; assigning a set of values to the design vadtues, namely, that a set of ‘acceptable’ control parameters exists
ables gives a specific design. Design parameters describe #ig¢he optimal design solution. Checking such acceptability with-

quantities that are considered to be fixed during a design stu@yt carefully studying the control problem can be difficult or
For examination of the combined design and control problem, th@possible.

design parameters have been separated into two types: . . .

“simple” parameters of the design problem that ot depend on ~ 2:2 Artifact Control. ~ Artifact control attempts to achieve a

the control problem, anti, parameters of the design problem thaglesired response in a dynamic physical system. A mathematical

do depend on the control problem, e-{a,b}, Fig. 1. Similarly,y Model of the dynamic system, th@eneral Control Problem

is the set of parameters of the control problem that depend on {i®%CP), defines the relationships between inputs and outputs of a

design problem, se=V(d:c). The vectorsy andh represent in- System over a time continuum and may include constraints or

equality and equality constraint functions, respectively. The set Bpunds on the system. The inputs to the system are the control

all possible design variables that satisfy the constraints of tfnalz(t) and parameter. As in the design problem, the con-

GDP is called thdeasible space trol parameters are divided into two saisandv, which represent
“simple” parametersu that donot depend on the design problem
and parameters thatdo depend on the design variables, Fig. 2. A
resultant set of parameteB indicates the effect of the control

a problem on the design problem. The stat¢g) of the system in

. : ¢ » L&h time are related to the inputs by the dynamical equatiorghe

Design response relationsdefine how the inputs and states prescribe the
d ‘ vV measurable responggt) of the system. The equalities and in-
’ ’ equalities k andl, respectively, represent constraints and bounds
on the system. A special case of the GCP is the general gain
minimize  (d, ¢) problem(GGP. The GGP has an extra constraint, called a control
deDceRe strategy, that relates the control sigrmato the response and
Lo controller gaing. This relationship is predefined for a given prob-
subject to: . , : . !
N . lem based on an engineer’s experience and experimentation.
) o | Fdie) =0 Similar to the design problem, the GGP is expanded into an
@ gldic) < 0 Optimal Gain Problem{OGP by adding a performance index, the
e ={ab} functional J, which is minimized to findz(t) for a prescribed
- v " period in time, fromt=0 tot;, Fig. 2. The solution to the OGP is
V= € results the optimal control functiorz* (t). The parameterb can then be

determinedb=B(x(t),z* (t),t;w).
Fig. 1 Design problem In the present study we assume that a control strategy has al-
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ready been selectd@dr would be selected as a separate decision The next section presents a DC motor model that exhibits all of
task and that the functiomr(t) is defined relative to this particular the qualities described above.
controller, as mentioned previously.

2.3 Combined Design and Control. When one wants to 3 DC Motor Model
design and control an artifact “optimally,” the implication is that |5 3 DC motor, mechanical design determines the rotor dimen-
the solution should be optimal for the whole system. The concegbns and winding characteristics; control design determines the
be_h_lnd the combined optimization formulatlo_n is thgt the solutloqﬁput voltage or currentdepending on the type of mooneeded
arising from separate design and control optimizations may not R¢control the rotational response of the rotor. The particular ex-
optimal from an overall system standpofd{5]. For example, the ample motor needs to operate at half speed under a specified load
effect of the embodiment of the artifact on its control can bgnq with a desired speed. Goals of the system are to minimize the

important[6]. weight of the motor, the speed response error for the test, and the

In some systems, such as DC motors, the embodiment of {3§iage required to drive the motor during a test schedule. See
artifact affects its contraind the control of the artifact affects its Taple 2 for nomenclature.

embodiment. For a DC motor the optimal length of the wires

depends on the voltage and current that runs through the motoB.1 Motor Design Problem. The design problem examines

wires, and the voltage and current depend on the resistance of tit@ static characteristics of the motor, such as the number of turns

wires, which is directly related to the length of the wires. In orde®n the field coils and the full load power rating of the motor. The

to assure that such a coupled system is optimized, the design gegign objective is to minimize the motor’s weight subject to con-

control optimizations must be combined in some manner. straints on the configuratiofwindings, magnetic fieldsand con-
Ideally, the combined optimization problem should appear as $iraints on service requiremerigpeed, power The design equa-

Fig. 3. A system objective is optimized to find appropriate valugi®ns for creating the DC motor model given below in Ed)

for the variablesd and p with system parameters and u. The Wwere developed using the text by Hanfi.

design and control must be solved simultaneously in agreement

with the internal coupling quantitigsanduv that vary to allow the

matching ofb with B andwv with V. The difficulty with this setup ]

is that this agreement of the coupling quantities requires the cditbject to:

straints to be solved as a set of simultaneous, algebraic, differen-

tial equations, including both equalities and inequalities. Solving

this set of equations is very challenging in itself. Furthermore, the Table 2 Nomenclature for DC motor model

entire set of equations may not be readily examined since diffg= - -

ential equations for the dynamic system are often represented | 4wa 4usCross sectional area of wires - assumed constant

minimize W= p.(AyaLwat AwiLwi) + preL m(D +dg)?
D,L,Lwa,Lwf,ds

complex simulations rather than explicit equations. Combing %€ specific electrical loading - function of variables
problem solution techniques must each address the coupling | B friction coefficient - assumed constant
rameter issue for models that have bdihand v types of | B, maximum flux density - function of variables
parameters. by depth of field coil - assumed constant
Selection of an objective for optimization of the combine¢ D rotor diameter - design variable
problem is also an issue. For a DC motor, perhaps the system g| d, depth of slots - design variable
is to make the most profit selling motors. A design objective ¢ f copper space factor - a constant
minimizing the weight may be equivalent to minimizing the cos hy field winding height - function of variables
of the motor. Customers may be more willing to pay for the motc I field current - function of variables

if it has a minimum response error and uses a minimum amount| ;¢ current - state variable
electricity, as _posed by_a control obj_ectlve. Whlch goal will mak( ; performance index - control objective

the most profits: reducing costs or increasing sales? The ans\| ; rotor inertia - coupling, to control

must certainly depend on the relative importance of the two goe Ié‘ motor constant - cou li,ng to control

in the customers’ mind; this suggests some form of a weightse L’“ rotor axial 1ength-d§si n’variable

objective, for example, linearly combining the design and contrt I ind p gn & ling. t 1
objectives. A Pareto solution will be typically generated. Of ~a inductance of armature win \ngs - coupling, o.contro
course, sales of products in real markets may not even be dired Lmy ~ mean turn length of field coil - function of variables
related to technical criteria, but could be driven by aesthetics | Lwa length ofarmatu{e wire - deSIg“_ variable

life style perception. Assuming that quantifiable objectives can If Lws  length of field wire - design variable

found, the combined design and control problem can be addresy| K derivative controller gain - control variable
as a multicriteria optimization problem. Studying such objectiv| X; integral controller gain - control variables
formulations in depth is beyond the scope of the present articl| X, proportional controller gain - control variable
we will assume that a simple linearly weighted objective leadin| » rotational speed - coupling, to design
to Pareto solutions will suffice. P number of poles - assumed constant
P,  minimum required power - coupling, to design
O, r  regulator weights
R resistance of armature - coupling, to control
minimize (system objective) S number of slots or teeth on rotor - assumed constant
Variables: d, p T,  minimum required torque - coupling, to design
Parameters: &, # vV design voltage- coupling, to design
Internal Variables: b, v w weight of motor - design objective
Subject to: z(t) voltage - controller signal
-} ()  angular velocity of rotor - state variable
GDP GCP fo] resistivity - assumed constant
V1l Puw P densities of copper and iron -a constant
T(t)  load torque - function with known profile
W pole arc to pole pitch ratio -assumed constant

Fig. 3 Desired combined problem setup

Journal of Mechanical Design JUNE 2002, Vol. 124 / 185



2b3|_wa o — — — — — — . ——— - — —— =

h,=ac— | a ‘
. c :
myaby| 2L+ +5ds)D Bin V. T P ) fwngh
J i > Smin © min MOtOI’ l
A2 b d:{D, L, L Ly ds} Design | V I
hy=lj— ——= & h;=B,—funqac) > — |
el mefbrcferPp y I
y 0.76) - TTTTT T
h4:|—mtf_ L+2bfc+— h5:hf__ | u I
L L ! W J 1 !
™ 208, . Ville R ) K ) Motor |
9= T 92T p o4y PHK, K, Ky } o Control | B '
.
7D 7D
93=5 725 0a=8- — , ,
2 2 Fig. 4 Motor design and control problem
Lp Lp
95=—5709 06=06-—5 . . . .
motor is wound and where the controller is applied. For this prob-
2D 2D lem, an armature-controlled motor will be examined with a pro-
972—(D—2ds)_3'5 9s=2.5— (D—2dy) portional plus integral plus derivativ@ID) controller configura-
tion, which requires the choice of three control gains.
go=By4—0.8 g,0=0.3-By 1) As shown in the lower half of Fig. 4, the controller has two
inputs, control gaing and parametera, and three outputs, per-
g1=de— 2m(D—2dy) —d.—0.5D formance indexJ, control constraintd and parameters for the
1n="s S 275 design problenB. The model is as follows:
—ac— =6— ts
g13=ac—20 g,=6-ac minimize J=f © e QWerdt+ Vinay
915: bg_ﬂzlpBgaCDszz Kp'Ki Ka 0
- subject to:
gls=b4—51/ngacD2L —v; —v, . .
2 2 i U3 U3 i il
O l.z_waAwa Tl'( E) _(E_ds) ) @ = v, B o +|lvg|z+ __1 T
7D 2 2 _< _ 0 v
2L+23T+5ds Uy Uy N
i
120 =[0 1 [ }
91a=500 fwfP y=[ ] ®
Awf(l-mt+ bfc)hf
5 z(s) K,
1L 250 %=Kp+ < TKos  E(8)=¥(8)~Yd(s)
Gro Awt(Lmetbrc)hy
|1=_Kp |2:_Ki |3=_Kd (2)
For the control problem:
oL B;=Vpa—=Mmaxz) Br,=n=max w)
wa i
V].: Ra: 4Awa BSZ Pmin= ma)(ZI)
V2: Km: Km(DvaLwaywa vbl!vaWa vAWf) B4:Tmin: ma)(KmI B TL)
2 Using the variable and parameter definitions of Section 2, we
VomL,= 7ol waDL . have x(t)=[w,i]", p=[Kp,Ki,Kd], v=[LfRK,J]", and u
@ 37D =[B T, with the vol l h |
0.025:D| 20+ 454, sigEnéleé)’.TL] , with the voltage applied to motor as the contro
\ The PID controller is perhaps the most common control strat-
L D 2 D\?2 egy used in industry. The optimal gain problem for the motor with
V,=J3,=0.5mpel > ds| +0.50c LwaAwa o a PID controller configuration will be solved numerically. Other
control strategies such as the linear quadratic reguldiQR)
D 2 could permit direct analytical solution of an unconstrained optimal
+ E‘ds control problem. However, in some of the solution strategies, op-

. . o . timizing the combined system may not demand an optimal con-
Using the variable and parameter deflnTltlons of Section 2, th®ller, so replacing the optimal control problem with the analyti-
design variables ard=[D,L,L,,Lys,ds]" and the parameters cal equation for control optimality may not be desirable.

are b=[n,V,Pyin.Tmin]" and a=[pcy.pse,#,p,S]". Parameters
for the control problem are computed for the vecter = 3-3 Motor System Model. For the complete system prob-

=TV, V. V. V,1T. Figure 4 offers a pictorial representation 01lem shown in Fig. 4, special attgr_nion shOL_JId be paid to the flow
th(E,' plr’obziéms ’strﬂctureg P P of the parameterb andv. In traditional design and control of a

motor, one set of parameters, typicallyis specified in the prob-
3.2 Motor Control Problem. The DC motor control prob- lem statement—for example, a desired horsepower and voltage
lem may take any of several forms, depending upon how timeotor. For an optimal system, however, one might expect that the
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size for which the motor system is designed should identically b B Verify
match the size that the controlled system requires; extra size has » solve y solve _»n
no advantage. Since the controlled system depends upon the mo ODP OGP
tor’s characteristic parametessand the designed system depends

Y

on the motor’s controlled parametels the flow of parameters v solve b solve |V

forms a loop in the optimal system design. Each design scenario—® 0GP ™ ODP V-v<0
must address the numerical solution of the loop formed by these

parameters.

The design objective of minimizing the weight is assumed to be Fig.-5 Single pass strategy

proportional to the cost of the motor. It is also assumed that the

value of the motors is proportionally higher if it has a minimun). . timal desi d di timal aains. Fia. 5
response error and uses a minimum amount of electricity, as poi8¢ing an optimal design and corresponding optimal gains, Fig. 5.
e coupling parameters, which are inputs to the design and out-

in the control objective. In the linearly weighted system objectiv . . o
) y welg y ) uts from the control or vice versa, are examined for acceptability.

the weights are considered initially to be equal. The two obje&- : V% -
tives, the motor weight and the control performance index, ha¢t 10nd @s the resulting or V indicate that the system require-

different orders of magnitude, and they are scaled by multiplyi ents were r]pe(for examp;l_e,hthﬁ designtlelddpower i_s Iargbgr thean
the design objective by ten. Selecting different weights will b§'€ @mount of power to which the controlled motor is subjeted
explored further below. the method terminates and the solution could be deemed “opti-

mal” from both the design and control points of view. From a
4 Solution Strategies system level point of view, this “optimal” solution could be
wrong whenever non-zero differences exist betwie@mdB or v

_ This section addresses strategies that can be used to solve py/. Further, the design-first-then-control and the control-first-

timization formulations for the separate and combined design aghn_design solutions do not necessarily match; in fact, one would
control _prgblems. The strategies presented are divided into t@Qnect them not to match unless the initial parameter values were
categories: sequential and concurrent strategies. perfectly chosen. Thus, the system analyst could have two differ-

In sequential strategiesncluding “single pass” and “iterative” ent ‘optimal’ solutions without being able to express further
strategies, two separate optimizations, one for the design prOblﬁFﬁference.

and one for the gain problem, are performed in an unrelated man-
ner. Thesingle pass strategfollows the traditional plan: an opti- 4.2 lterative Strategy. The iterative strategy takes advan-
mal design is found, followed by optimal controller gains, and thteige of the separate design and control analysis techniques, while
system is checked for acceptability. The single pass solutiondgdressing two of the drawbacks in the single pass strategy: the
dependent on initial guesses for one set of coupling parameterglependence of the solution on the initial guess for the coupling
the parameters of one problem that are dependent on the solup@tameters and the probable difference of the design-first-then-
to the other problem. Théerative strategyattempts to remove control and the control-first-then-design solutions. This is
this dependency by repeatedly finding an optimal design and aghieved by adding a feedback loop to the single pass strategy,
optimal controller until the coupling parameters match. The s&ig. 6. The system is repeatedly designed and controlled until the
quential strategies present a difficulty in system optimizatiogoupling parametersy and B or v and V, are matched within
while one can prove that the design is optimum and the controli@@me tolerance or a preset number of iterations has been per-
is optimum, there is no straightforward mathematical way ttormed. The “optimal” iterative solution must have optimal solu-
prove that the combinesystems optimum. tions for both the design and control problems, and the parameters
The concurrent strategigsncluding “decoupled system”, “all must match. For example, the power for which the motor is opti-
at once” and “bilevel” strategies, enable consideration of optimalmally designed must match the power used by the optimally con-
ity conditions for the entire system. In tidecoupled system strat- trolled motor. The immediate consequence of the iterative process
egy, a direct extrapolation of the single pass strategy, one setisfthat both the design-first-then-control and the control-first-then-
coupling parameters is fixed and optimization is performed on tigesign sequences should give the same optirtfoma unimodal
combined system. As in the single pass technique, the result ageblem) with a sufficiently tight termination criterion and suffi-
depends on the initial guesses for the coupling parametersalTheciently many iterations. At the system level, these solutions could
at once strategyemoves that dependency. The coupling parantrore plausibly be called “optimal” than the single pass solutions,
eters are treated as variables and the output parameters resuhitigough there is no mathematical proof for the argument. To
from a design/control sequence must match the corresponding aghieve an optimum mathematically, conclusions must be drawn
put variables. This method, however, tends to be the most chsed on the system goals.

lenging to solve computationally. THelevel strategy developed 43 Decoupled System Strategy.This combined design

for structural applications, treats the optimal gain selection as h >
subproblem to the system optimization problem. If the optimé%d control strategy allows the sequential use of the design and

gain selection problem is formulated as a linear quadratic regu ontrol problems, while the entire system is optimized. As in the
tor (LQR), an analytical solution may be found. If the problem issaIlngle pass strategy, this strategy requires fixing the input
not an LQR, other control techniques may be applied to find an
optimal controller. In either case the combined problem becomes
significantly more tractable. In the motor study we use this strat- b solve v solve B
egy with a PID controller. oDP [—™ oGpP
In general, the concurrent optimization strategies are more dif-
ficult to solve than the sequential strategies. However, the advan-
tage of being able to know whether or not a solution is a math-
ematical optimum of the system may be worth the extra effort.

| B - b | < tolerance or exceed max iterations

The remainder of this section examines in more detail each of the v solve b solve V
five design scenaria applied to the DC motor study. oGP [—™ oDP

4.1 Single Pass Strategy. Design and controller are opti- E——
mized separately, taking full advantage of the analysis techniques | V- v| < tolerance or exceed max iterations
in each discipline. The separation is achieved by fixing a set of
initial coupling parameters, eithdr or v, and then sequentially Fig. 6 Iterative strategy
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parametersp or v, and constraining the resulting or V to be minimize @;-f + @y-J
acceptable, as shown in Fig. 7. Acceptability is identical to that Variables: d, p, b
from the single pass strategy, in that the designed-for condition, ParametCI:S' Sl
or v, needs to be at least as large as the leBebr V, which ‘. .
results. For example, the power for which the motor is designed Intemal Variables: v
needs to be larger than the power used by the controlled motor for Subject to:

satisfactory operation. Again, there is an undesirable parametric b solve v solve B
dependence on the inpbtor v, but judicious selection of those —> GDP —> GCP >
parameters can lead to an overall improvement of the solution to

the combined problem as compared to the sequential formulation. ~ Additional Constraints: B —b <0
Since this optimization is performed on a system representation, a i )
mathematical optimum can be declared, yet the dependence of the Fig. 8 All at once strategy (b variable )
solution on one of the sets of parameters may make this method

somewhat undesirable.

5 DC Motor Design
4.4 All At Once Strategy. Perhaps the best method for

achieving the system optimum involves a problem combination OPtimization of the DC motor was performed using a sequen-
with the input parameters as variables—an all at opsa0) tal quadratic programmingSQP algorithm. Since SQP finds lo-

methodology. One set of coupling parameters, either v, be- cal optima, a multi-starting point technique was employed in the
come variables and acceptability constraints are imposed on rch. These starting points included the values that result from

corresponding output parameteBspr V, after a design and con- the all at once strategy. Even then, the oth_er methods move away
om the starting values of the system optimum. Three causes of

trol solution cycle, Fig. 8. There is a temptation to require that tﬁ ]
: : . s phenomenon are thét) the fixed parameters were not held at
coupling parameters identically match. However, such a set sir system optimal value<?) the AAO solution is infeasible

equality constraints puts a stricter requirement on the optimu ‘e to the way the alternative strategy assembles the constraints
reduces the feasible space, and potentially gives a worse squti%H Y 9y ) : '
aQr (3) the coupling parameters change from their system optimal

In all likelihood, some of these constraints will be active, but thvalues due to the sequence of solving the design and then the
optimization algorithm should determine this. With this formula—Control problem. Though the interpretation of these events is not

tion, the optimal solution is mathematically Provab'e at _the syste esented in this work, subsequent work has confirmed that these
level. The drawbacks of both the sequential strategies and

X ses result from the formulations of each strategy and not from
decoupled system strategy are removed, but the problem is Iarﬁﬁfnerical difficulties 10,11]

and the method is more computationally demanding. If solution is
possible, the AAO strategy should be preferred for solving tt‘gec
system optimization problem.

In Table 3 the results are presented for the different design
enaria as applied to the DC motor. Divided cells in the table
represent the values faror v (top) andB or V (bottom. In the

45 Bilevel Strategy. Here, the optimal gain problem is femainder of this section we will briefly discuss these results and
treated as a subproblem of the optimal system problem, FigRgir significance.
[1,2,8,9. This strategy finds the minimum cqmbined objective for ¢ 1 Single Pass Strategy. From Table 3, the traditional
the system, assuming that the system optimum occurs when tjgy|e pass strategies are the worst, with both high design weights
gain problem is minimized. The main advantage is that techniquggq high performance indices. In addition to having the worst
for solving the optimal gain problem may be directly applied. Ipiective, the dependence of the method on the input parameters,
structural applications a common controller configuration is “’l?andv, make it undesirable. Considering the other solutions in
linear quadratic regulatdt QR) whose optimal gain problem hasihe taple, picking the best of the single pass solutions does not

an analytical solution—a mathematical expression that solves {i¢cessarily qualify the single pass strategy as a reasonable ap-
problem and eliminates the need for numerically intensive itergroach to obtain the optimal system level solution.

tions. Outside the structures field, the most prevalent controller
configuration is the PID controller. Though the optimal PID gain 5.2 lIterative Strategy. The iterative design-first strategy is
problem does not typically have a direct analytical solution, &N improvement over the single pass design-first strategy while
may be asserted that using an alternate controller configurati®¥¢ iterative control-first strategy is not. This demonstrates the
such as a PID controller will not change the form of the systeffportance of the choice of the next iterate in this method. Using
optimization strategy. In the case study here, the motor is cod-nave algorithm, such as replacing the old coupling parameter
trolled using the PID control strategy. Future work is expected ¥®lue with the new iterate, a poor initial solution may lead to an
confirm that the system optimization solution strategies are n@Yen worse solution. However, a more judicious iterate selection
affected by such a change in controller configuration. process indicates that the iterative solutions can improve the
single pass ones and require no new theories or problem formu-
lations. With a good iterate selection process and enough itera-
tions, the results become similar regardless of the order of the

minimize @y-f + Wy-J minimize @, f + @y

Variables: d, p Variables: d, p, b
Parameters: b Parameters:
Internal Variables: v Internal Variables: v
Subject to: Subject to:
b solve |4 solve B b solve v l solve B
GDP GCP GDP OGP
Additional Constraints: B —5< 0 Additional Constraints: B —b < 0
Fig. 7 Decoupled system strategy (b fixed ) Fig. 9 Bilevel strategy
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Table 3 Motor optimization results

Single Pass Iterative Concurrent
Motor Design | Control | Design | Control |Decoupled| AllAt Bilevel
Variable | Symbol |Variable Description| First First First First System Once
Labels for figures— | SP-DF SP-CF 1-DF I-CF C-DS C-AAOQ C-BL
combined
@y . f+Ty.J objective 74.03 109.17 72.99 116.77 70.30 44.81 48.28
m1=m2=0.5
f710 74 weight (kg) 7.90 14.42 8.89 15.19 8.39 6.23 6.21
J J performance Index | 69.04 74.15 57.12 81.61 56.69 27.28 34.50
d; D diameter (cm) 6.89 10.41 6.71 10.80 6.89 6.56 6.72
d, L rotor length (cm) 9.74 9.81 9.49 10.18 9.74 9.28 9.50
d; Lya  |arm. wire length (m)| 89.53 132.26 91.80 114.78 89.53 16.86 23.69
dy Lwt field wire length (m)| 220.0 437.8 523.34 4134 330.0 299.7 193.9
d; ds slot depth (cm) 1.08 1.95 1.05 2.02 1.08 1.02 1.05
Vi 10.57 13.00t 11.41 12.57 10.57 0.39 0.76
L, inductance (cH)
|4} 10.57 12.83 11.41 12.83 10.57 0.39 0.76
vy 20.07 22.00t 20.58 22.12 20.07 3.78 5.31
R, resistance (cQ)
vV, 20.07 29.65 20.58 12.83 20.07 3.78 5.31
V3 0.0029 0.003t 0.0027 0.0097 0.0029 0.0014 0.0017
Ja inertia (kg m2)
Vs : 0.0029 0.0098 0.0027 0.0106 0.0029 0.0014 0.0017
V4 0.19 0.20t 0.30 0.20 0.28 0.05 0.06
Ky motor constant
Vg 0.19 5.7 0.30 0.250 0.28 0.05 0.06
P Kp proportional gain 1.24 1.33 0.99 144 0.99 0.53 0.61
p; K; integral gain 6.89 6.91 7.81 4.67 7.56 6.53 8.26
D3 K4 derivative gain 0.00 0.00 0.00 0.00 0.00 0.00 0.00
by 45.00f 24.47 37.93 23.58 45.00t 121.28 118.45
n rot. speed (rad/s)
By 24.69 24.47 24.14 23.58 23.99 22.52 24.06
b, 44.00% 34.88 26.77 36.01 44.00t 40.07 53.76
Vi voltage (V)
B, 28.20 34.88 26.61 36.01 26.51 13.53 16.44
bs 6.00t 5.63 5.55 5.51 6.00t 5.18 5.54
Tmin torque (Nm)
B3 5.68 5.63 5.55 5.51 5.18 5.18 5.54
by 0.90t 0.57 0.51 0.67 0.90t 3.95 394
Prin power (kW)
B, 0.64 0.57 0.32 0.67 0.33 0.97 1.06

optimization(though one could foresee differences if the problertion result comes from using the AAO strategy. The solution
had multiple optima There is no dependence on guessed parammeets the optimality conditions, guaranteeing that it is indeed a
eter values. A difficulty of this strategy is that there is no inforlocal optimum.

mation about thesystem’'soptimality conditions: mathematically, . ) ) i
one cannot prove or disprove that the result is an optimum. Alsg,5-4 Motor Sizing.  As shown in Table 3, the design scenaria
without system level sensitivitit agrange multipliers there is no find an outwardly similar motor whose diameter and length are

way of knowing how the optimum will change when a constrairftlose. The major difference occurs in the windings of the motor.
is perturbed. The better solutions have significantly smaller armature windings,

even sacrificing an increase in the field windings. This reduces the

5.3 Concurrent Strategies. The concurrent strategies pro-weight of the motor and also reduces the control coupling param-

duce better results than the sequential strategies. The decouplgds, the resistance, inductance and inertia of the armature.

system strategy provides a better objective value than the sequeRe reduced coupling parameters allow a faster response in the
tial strategies. Some of the coupling parameters are satisfied at¢8@trolled motor. The integral gains for the controllers are also

same values as the design-first single pass solution. However, {igilar, but the proportional gains are smaller in the two better
problem of the dependence on the input parameters is still preseifitions.

The bilevel strategy has the second best “optimal” solution. Fur-

ther study of this method as applied to the motor indicates that the5.5 Constraints. Table 4 presents a comparison of the ac-
method may not allow the full exploration of the feasible spacdiye constraints at the “optimal” solutions for each strategy. In all
due to the requirement that the controller be optimal at each fesplutions, the design torque constraigig, is active. Constraint
sible point in the system level optimization. Examination of thigig, the lower bound on the permissible heat loss per unit area of
phenomenon requires further research. Overall, the best optimitae winding surface, is active in all sequential strategies while the

Journal of Mechanical Design JUNE 2002, Vol. 124 / 189



Table 4 Active constraints

Constraint E
e
Z)

SP-CF

<3
o
e

I-CF
C-DS

m[m| [[C-AAO

C-BL

# Description
&1 {UB pole pitch

1
O
3

&3 |UB rotor peripheral speed

&4 |LB rotor peripheral speed

UB length to pole pitch ratio
| 26 |LB Iength to pole pitch ratio | |

&7 |UB slot/diameter sizing
8s |LB slot/diameter sizing

|

]

O

=
, i

O

i

10|LB maximum flux density
11 [tooth width to slot depth ratio
geom. slot depth limit

813|UB specific electrical loading
&14|LB specific electrical loading

Bislmotor designpover | ||
£1qlmotor design torque [ [ma[u]
£17]geom packing it | | | |

LB allowable heat loss per unit of
surface area

UB allowable heat loss per unit of
surface area

positivity of gain Kp

D1 |/o voltage coupling parameter

b; [i/o speed coupling parameter

b3 [i/o power coupling parameter

04 |i/o torque coupling parameter mm

g
g

upper boundg,q is active in the decoupled system and bilevef

tooth width to slot depth ratig,, is active only for the control-

first strategies. The design-first and the concurrent strategies find
the magnetic saturatiag, and the bound on the specific electrical
loadingg3 to be active. The iterative and the single pass design-
first strategies have the lower bound on the armature’s peripheral
speedy, active, while the decoupled system strategy identifies the
upper bound as active. The differences between the sequential and
concurrent strategies, especially where the bounds on a value
switch from lower to upper, indicate a strong need to examine
overall system optimality conditions when using the traditional
sequential strategies.

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

5.7 Pareto Solutions. The concurrent strategies that provide
better solutions create a new difficulty: the definition of the com-
bined objective. In this study a weighted sum objective was used.
Table 3 presented the results for equally weighted objectives. Fur-
ther examination of the all at once strategy leads to the develop-
ment of a Pareto set that indicates the effect of the weights on the
optimal solution. By varyingw,; and lettingw,=1—w,, the
Pareto curve in Fig. 11 is created. Also included in the figure are
the locations of the solutions from the other strategies. Any hope
as to whether the other strategies were actually finding an opti-
mum that could be achieved with different weights is not justified.
Some progression from the single pass to the iterative strategies is
vident. Although the control-first strategy moves further from the

strategies. Interestingly, neither is active for the all at once str&tareto curve, the design-first strategy moves toward the curve. It
egy that provides the best solution. The sequential control-fii§t Not expected that the trend will eventually reach the Pareto
strategies find the lower bound of the length to pole pitch rggio curve. As previously discussed, the iterative strategies’ attempt to
active while the other strategies, except for the iterative desigashieve matching coupling parameters actually places a stricter
first strategy, have the upper bougd active. The limit on the requirement on the solution than carefully chosen inequalities.

o
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©
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o
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Fig. 10 Responses (abbreviations as in Table 3 )
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90 T T — . y many constraints or too expensive function evaluations for the
% -CF typical optimization routines. However, as these issues are being
=80r S addressed, improved electromechanical systems are sure to result.
[+)]
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