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Decomposition in Energy System Synthesis/Design Optimization
for Stationary and Aerospace Applications

Jules Ricardo Mufioz*
United Technologies Research Center, East Hartford, Connecticut 06108

and

Michael R. von Spakovsky'
Virginia Polytechnic Institute and State University, Blacksburg, Virginia 24060

A number of multilevel methods for energy system synthesis/design optimization exist. Of these approaches
the local-global decomposition methods (LGO and ILGO) allow for the modularity and discipline/technology
autonomy required for solving large multidisciplinary synthesis/design problems. An example of a large-scale
problem for a military aircraft is used to discuss the features of LGO and ILGO. The similarities between these
methods and those used by the aerospace multidisciplinary design optimization community are briefly explored.
It is believed that the commonalties which exist between the different approaches will permit future synergies and
a genuine interdependence at an optimization level between the different disciplines.

Introduction

HE integrationbetween aircraftenergy-and non-energy-based

subsystems has produced a growing interest by the aerospace
community into researchdone on the thermodynamicsand costopti-
mization of stationary energy systems. Recent efforts have centered
oninvestigatingways in which such methods' ~'# can be bestapplied
to aircraft. These efforts’ have includedidentifyingopportunitiesfor
the use of the Second Law of Thermodynamics (in the form of en-
tropy generationor exergy analysis)as an analysisand perhaps as an
optimization tool. A second body of work has focused on integra-
tion and system-level synthesis/design optimizationchallenges*~ 14
The latter efforts are trying to exploit the similarities that exist be-
tween stationary and aircraft energy systems and the synergies that
might exist between aerospace multidisciplinary design optimiza-
tion (MDO) methods and the decomposition approaches that have
been developed and applied in stationary energy system synthesis/
design since the 1960s.

The use of optimization for the synthesis/design optimization
of stationary energy systems has, at least in the Second Law aca-
demic community, been widespread over the last 30 plus years. A
large number of researchershave been and are involved in this field.
Some of their research efforts are annually reported in specialized
meetings such as the annual International Conference on Efficiency,
Cost Optimization, Simulation and Environmental Aspects of En-
ergy and Process Systems as well as periodic meetings organized
by the Advanced Energy Systems Division of the American Society
of Mechanical Engineers. This is in addition to papers appearingin
the many periodicals in the field. The authors of Refs. 4-44 pro-
vide just a few examples of such work. The applications that can
be found range from relatively simple linear programming and non-
linear programming problems'>! to very complex mixed-integer
non-linear programming (MINLP) problems.!*:!?

Energy systemsynthesis/design, at leastat the preliminary system
designstage, typically employs two disciplines:the thermal sciences
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and economics. Although the first discipline involves thermody-
namics, heat transfer, and fluid mechanics, it is normally referred
to as thermodynamics. Other disciplines such as material science
and controls are handled indirectly. For example, stress considera-
tions are treated as constraints, and controls are included by using
so-called operational variables.

Broadly speaking, one can classify the work done for station-
ary energy system synthesis/design based on the disciplines used
to formulate the optimization problem. The most common opti-
mization problems are to maximize the thermodynamic efficiency
(minimize fuel usage) and to minimize the total cost (usually com-
posed of fuel cost plus capital cost). The latter cross-disciplinary
approach is known as thermoeconomics. There is a very rich body
of literature on thermoeconomics, Refs. 15-31 being just a few ex-
amples. Anotherimportantproblem thathas gained a lot of attention
is minimization of some of the combustion products (minimization
of emissions)>!~¥7 The combination of the preceding disciplinesis
known as environomics. Applicationexamplesare givenin Refs. 38—
41. There are some examples in which reliability and availability
considerations have also been included.'®

Another possible classification of the work on stationary energy
systems is based on whether or not one or more forms of decompo-
sition are used.*> One of these, called disciplinary decomposition,
decouples a problem’s thermodynamics and costs and optimizes
each discipline independently**** Another possibility, called phys-
ical decomposition, decomposes the system across unit (component
or subsystem) boundaries >~14#443 For dynamic problems it is also
possible to divide the independent variables into synthesis/design
variables (those which remain constant over time) and control or
operational variables (those that can be varied in time). This break-
down is called conceptual decomposition. Finally, one additional
form of decomposition, called time decomposition, decomposes or
transformsa dynamic probleminto a quasi-stationaryone consisting
of a series of stationary time segments.

Decomposition in Energy System Synthesis/Design

Disciplinary Decomposition

As just indicated, the decision variables in energy system
synthesis/design can be broken down into purely thermodynamic
and flow variables v and others that are purely geometrical w. Ther-
modynamic variables are, for example, component adiabatic effi-
ciencies, pressures, and temperatures. Geometric variables are, for
instance, the physicaldimensionsof aheat exchanger,the number of
bladesin a turbine, the technologylevel of the component (including
the choice of material), etc.
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Fig. 1 Simple two-unit energy system.

With the preceding considerationsin mind, it is possible to define
a two-level optimization problem. At the highest level the problem
could be one of minimizing the amount of fuel required to perform
a given task. Typically the thermodynamic variables v are chosen
by the high-level optimizer. These values are set as boundary pa-
rameters for each of the units in the system. The material (cost or
weight) used in each component is then minimized using the geo-
metric parameters as the synthesis/design variables. The latter set of
low-levelproblems uses geometry, technology,and material choices
as decision variables. Examples of the use of this approach are given
in Refs. 42 and 43.

Physical (Unit) Decomposition

In contrast to disciplinary decomposition, unit decomposition
tries to isolate the influence that each of the units that form a system
has in terms of the overall objective function. The unit’s impact
mightbe multidisciplinary.To illustrate the fundamental differences
between the leading decomposition methods for energy system
synthesis/design, consider the simple two-unit system of Fig. 1.

In Fig. 1, x; and x, are the decision variables, g, and g, are
the functions that describe the physical processes and constraints
imposed upon each of the units, and u,, and u,, are the functions
(or vector of functions) that couple the two units.

The typical objective function f is written as the sum of the
contributions of each of the units. In turn, the contribution of each
unit is composed of two terms as indicated here:

f1=k1R1+Zl (D

for given values of u» and u,;.

InEq. (1), R, is some externalresource used by the unit (typically
fuel), Z, is a function related to the size of the unit (weight or cost),
and k; is a conversion factor. In a thermoeconomic problem Z; is
the capital cost, whereas in a thermodynamic problem Z, is ignored
altogether.

Calculus Methods of Thermoeconomics

A number of unit-based decomposition methods that have been
proposed and used in the past’*2*-%# are to a certain extent deriva-
tions of the decompositionmethod proposedin Ref. 30. This method
is knownas the Evans/El-Sayed formalism. The basics of the method
start with the following functionalrelationships:

R1 =r (xl, utfz)a R2 = rz(.X2, ugl) (2)
Z, =z (xl, ”?2)’ Z,= 22(x2’ ugl) 3
Uy = ulz(xl’ ”?2)’ U2 = ulz(xz’ ugl) @

where uf; are the variables associated with the corresponding
function u;;. The method typically begins by finding a workable
solution (i.e., one that satisfies the vectors of constraints g; and g,)
called a reference solution, with values for the objective function f
and the independentvariables (x;) and (x;),. A variationin x; and
x, from the reference solution will cause a correspondingchange in
the objective function given by

df =y dx; + ypdx; (5)

where y; and y, are some ratherinvolvedfunctionsof x;, x, u,;,and
u1,.Under certain circumstancesy; and y, would become a function
of x; and x;, respectively, thus, effectively decoupling the system
and allowing for the definition of two decomposed problems. The
proposed algorithm was to vary x; and x, starting at the reference

point in the direction indicated by the y. The process would be
repeated until no further improvements in the objective function
were achieved, the y become identically equal to zero, or limits on
the decision variables are reached. The hope and the expectation
were that these functions would remain approximately constant so
that large “jumps” in the independent variables could be made at
any given time. The changes in x; and x, would be made in the
directionsindicated by the y in an iterative fashion. The conditions
under which such decompositionis possible are known as those for
thermoeconomicisolation** The prospects of the method created
a great deal of enthusiasm among researchers in the energy area,
as indicated by the many efforts devoted to formally understanding
and enhancingit.!'’-%

In the original method the connecting functions u, and u,, are
expressed in terms of exergy. However, it is possible to use energy
or other quantities as well.*! Some drawbacks of the method have
been identified. The first is the difficulty in obtaining the required
functionsin the form given by Eqs. (2—4). Additionally, the original
method was not developedfor units coupled to non energy systems.
The conditions for isolation in those cases have never been studied.
Furthermore, the Evans/El-Sayed formalism indirectly assumes that
a single group of analysts has access and the expertise to work
with all of the disciplines and the different technologies (units) that
compose the system.

To overcome some of the difficulties associated with the preced-
ing formulation, two additional methods for physical decomposi-
tion are presented in Refs. 5-14, one a classic method and the other
an original development by the authors. The methods called local-
global and iterative local-global optimization, LGO and ILGO, re-
spectively, have the advantage that they support the link between
energy and nonenergy systems and the simulation and optimization
of units by groups of different expertise, even if they are geograph-
ically dispersed.

In these methods the functional relationships given by Eqgs. (2)
and (3) are replaced by

_ o 0 _ o 0
Rl _rl(xlaulzauzl)a R2_r2(x25u125u21) (6)

Z, = (v ufyus) (D

Uy = Uip(xy, Xp) (3)

- - o o
Z, = ‘l(xl’ Uips ”21)’
Uyy = U (X, X),

A detailed explanationof the method can be found in Ref. 6. A brief
presentation of LGO and ILGO follows.

LGO/ILGO

To show some of the features of these methods, consider a more
complex system such as the one shown in Fig. 2. Only three units are
used to facilitate the presentationof the method. Three is considered
a sufficiently large number to reveal their features and properties.

In Fig. 2 the contribution of any unit, say unit 1, to the overall
objective function is given by

Ji = Ji(x, X1, up, uzg, Uy, ug3) )
so that the system-level problem is to
Minimize:
J =1, X0, g, uzy, upp, ugz) + fo (X, X, up, U3y, Uay, Un3)
+ f3(x, X3, w13, Uns, Usy, U3) (10)

with respectto x, xy, x5, X3,

“21; {x, X1 } 4”31
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Fig. 2 Coupled energy system.
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Subject to:
g§=<0 (10a)

The connecting or coupling functions u;; can take the form of
energy, exergy, or any other relevant quantity. Under some circum-
stances it is possible to arbitrarily select values uf; for the cou-
pling functions u;; so that a two-level optimization problem can
be defined. The values of the coupling functions are such that
. The maximum and minimum allowable values
of the connectmg functions are defined a priori.

At the highest level a system-level problem is to

Minimize:

3
F=_f (11)
i=1

with respect to x, uf;. In Eq. (11), f;* is the result obtained from
solving a set of local that is, unit-level optimization problems. The
unit-level problem for unit 1 takes the form:

Minimize:
fi =fl(xaxl’”?z’”?y”gl’”gl) 12)
with respect to x,
Subject to:
g<0 (12a)

Note thatin Eq. (12a), x is not an independentvariable because it is
defined by the system-level optimizer. This optimization approach
has been called LGO.5~!* Note that the disciplinary decomposition
just mentioned is a special case of LGO. The preceding problem is
solved numerous times for different combinations of values for the
couplingfunctions.The way in which the unit-leveland system-level
problems are solved dictates the use of the two possible variations
of the method.

In the first variation, called real-time LGO, the unit-level opti-
mizations [Eq. (12)] are carried out immediately after the system-
level optimizer has selected values for x and u;;. In the second ver-
sion, called off-line LGO, the unit-level problems are solved, and
the results are stored for later usage by the system-level optimizer.
These data can be correlated or represented by a surface known as
the optimum response surface (ORS) of the system.

The main drawback of LGO is that for large numbers of units
and/or large numbers of elements for the coupling function vectors
the number of required unit-level optimizations might grow to be
very large, making it impractical or at the very least very expensive
to create the ORS. To overcome this drawback, an alternative to
LGO, namely, ILGO, has been proposed. ILGO is based on the fun-
damental idea that a linear approximation can be used to represent
the ORS at any point on its surface. Two implementations of ILGO
are possible.

In the first version of the method (ILGO/A), an initial optimum
solution for each of the unit-level problems (12) is found for initial
arbitrary values of x and u;;, say (x) and (u;;),. This is a reference
point on the ORS. A Taylor-series expansion of the unit-level ob-
jective functions is performed about the ORS reference point, and
the linear term is taken so that

af’ af’
fi= (fl) fl A 12+LAM13+ / Auy,

E)f1
Ax + ——
ou 8u13 au21

L
a Uiy

The preceding partial derivatives are seen to correspond to the
shadow prices (a type of marginal cost) of the coupling functions
typically used in thermoeconomics?® Using the notation found in
the energy literature, Eq. (13) is rewritten as

Au31 (13)

fi= (ff)o + A Ax + AL Auy + AL Ay + AL Auyy 4+ 4L Aug,
(14)

and for units 2 and 3

= (fz')o + A2AX + A3 Aty + A3y Augy + AT, Auyy + A3, Ausy
(15)

= (f3')o +A3AX + A3 Ausy + A3, Ausy + A Augs + A3, Auss
(16)

Thus, and by virtue of the fact that the overall objective function
is the sum of Egs. (14-16), the shadow prices become a measure
of the relative importance of the coupling functions in terms of the
overall system-level objective. In ILGO/A the shadow prices guide
the selectionof a new setof values for x and u;;. Geometrically, they
represent the direction in which (on the ORS) an improvement in
the objectivefunctionis achieved. The new values are chosen so that
the linear representation of the objective functions is maintained.

The problem with ILGO/A is thatin many cases arbitrarily chosen
values for x and u;; do not lead to feasible solutions in each of the
unit-level optimization problems. The alternative in such casesis to
use version B of ILGO (ILGO/B). Again taking the linear term of
a Taylor-series expansion, one can write the function that connects
units 1 and 2 as

ous ou
Uy = (u12)0+ axlf Ax; + 8;22 Axy (17)

Performing similar expansions on the other connecting functions
and combining them with Eq. (14), one gets that

fi= (fl.)o + A Ax 4 pl Axy + ph LA ok A (18)

where
ous ous ou; ous
1 1 12 1 U5 1 Uy 1 U3y
ph, =2 + + + (19)
Axl 255, B3, 2%y, %%,
ous ous
V“sz = )‘12 9%, = +)‘é1 E)x (20
ous
I 1 945, 21
Haxz = A1z 8 o 2D

The functions given by Eqs. (19-21) are the shadow prices of the
independent variables normally found in the thermoeconomics lit-
erature. The shadow prices reveal the effect that the local (unit 1)
independent variables and the independent variables of the other
units (2 and 3) have on the local contribution f; to the overall objec-
tive function f. These equationsare used to approximate the impact
of the vectors of independent variables of each of the units in terms
of the overall problem [Eq. (10)]. Furthermore, the shadow prices
are a measure of the relativeimportance of the independentvariables
within each unit.5~14

One of the main differences between ILGO/B and other energy
system synthesis/design methods is that in the latter purely local
(unit-based) problems are not defined because the concept of unit
“isolation” does not exist except on an incidental basis. In ILGO/B
system-level unit-based optimization subproblems are defined in-
stead. These problems are obtained by rewriting the overall problem
in terms of strictly local decision variables. For unit 1 this subprob-
lem takes the form:

Minimize:

£r= (b + 13+ 15,0) Axy (22)

with respect to x,
Subject to:

Auyp < - uy; (22a)

In Eq. (22) the constant terms have been dropped. The constraint
(22a) was added so that the values of u;; remain within the range for
which the Taylor-series expansion is valid. Clearly, Eq. (22) is one
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of minimizing the contributionof the independentvariables of unit 1
to the system-level objective. This means that units can be optimized
“by themselves” while properly taking into account overall system
effects. Three additional problems are defined for x, and x4 and for
the common variable x.

Theiterativealgorithmthatresults from implementingILGO con-
sists of finding a new value of the independent variables followed
by the calculation of the shadow prices. This new point in the ORS
replaces the original as the ORS reference point. The process is
repeated until no further improvements are achieved or until the
limiting values for the independent variables are reached.

Applications

LGO has been applied to the design of an environmental
control subsystem (ECS),*3 and ILGO has been successfully
applied to the large-scale, coupled synthesis/design optimiza-
tion of the several subsystems of an advanced military aircraft,
namely, the propulsion subsystem (PS), the ECS, the transient
fuel loop subsystem (FLS), the vapor compression/polyalpha
olefin (PAO) loops subsystem (VC/PAOS), and the airframe sub-
system (AFS).6~%12-14 In these applications the PS is com-
posed of a turbofan engine with afterburner. Furthermore, both
LGO and ILGO have been successfully applied to the synthesis/
design optimization of a fuel-cell-based total energy system for
stationary applications composed of three subsystems, that is, a
fuel processing subsystem, a stack subsystem, and a heat-pump
subsystem.!®-11

The smaller of the applications found in Refs. 6-9 and 12-14,
that is, the coupled ECS-PS synthesis/design optimization problem
for the hypothetical combat mission of an air-to-air fighter given in
Ref. 46,is presented here. Fifteen segments were chosento represent
the missioneitherbecausetheir fuel consumptionis significantor the
operating conditions are very stringent for the two subsystems be-
ing synthesized/designed. The remaining subsystems presentin the
aircraft, the expendable and permanent payloads, EPAY and PPAY,
respectively,and the AFS were taken into accountbut with 0 deg of
freedom (as opposedto the 154 deg of freedom present with the ECS
and PS). The coupling of the subsystems is represented in Fig. 3.

Three synthesis/design problems were solved using three dif-
ferent objective functions: takeoff gross weight (WTO), total fuel
consumption, and total cost. The total weight is composed of the
weight of the PS, the ECS, the fuel, the payload (permanent and ex-
pendable), and the airframe (AFS). The weight of the airframe was
calculated using a simple function that correlates it to the WTO.
The function was obtained from curve fits of existing data. The cost
model for the airframe was obtained from Ref. 47. For the AFS cost
calculationit was assumed that four test and 350 production aircraft
are built.

The components of the PS are shown in Fig. 4. The on- and off-
design performance of the engine was simulated using a modern
performance code developed by an engine manufacturer for model-
ing any type of aircraftengine system. The model of the engine uses
typical component maps (e.g., compressor, fan hub, fan tip, turbine,
burner, and compressor maps) and functional relationships and nu-
merical constants that modify the maps to make the simulation as

EPAY
PPAY
AFS ECS
X9 X238
i Uzy
u
Uy PS Uy 12
» <
X9 X719 &1

Fig. 3 Subsystem coupling for the energy system synthesis/design
optimization application found in Refs. 6-9.
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Fig. 4 PS components.

realistic as possible. The component maps are chosen from several
alternatives depending on the design pressure ratio. The computer
program has its own set of solvers to carry out the mass, momen-
tum, energy, and shaft speed balances. Results from the simulation
are the thermodynamic properties at each of the engine stations
(pressure, temperature, Mach number, etc.), the inlet airflow rate,
nozzle areas, and the fuel consumed in the combustor and after-
burner adjusted to provide the thrust required during the different
segments of the mission. The thrust requirements were calculated
using the flight dynamics equations and the mission requirements.
Simple compressible flow models were used to calculate the in-
let and nozzle drags. The weight and dimensions of the PS were
calculated using NASA’s WATE code.*® The capital cost of the en-
gine was obtained from the model of Ref. 49 properly adjusted
for inflation. The cost model includes development and produc-
tion costs through the thousandth production engine. Other main-
tenance and operating costs (with the exception of fuel) were not
included.

The ECS considered was a bootstrap subsystem, as shown in
Fig.5. The ECS providesconditionedair to the cockpitand avionics.
Flow into the ECS is varied by a pressure-regulating valve at the
ECS inlet. This valve also limits maximum inlet pressure to the
ECS’s primary heat exchanger and bootstrap compressor. Air is
compressed and cooled in the bootstrap ECS. After compression,
the air is cooled in a counterflow, secondary heat exchanger using
ram air from scoop inlets. Air from the secondary heat exchanger
is then cooled in the regenerative heat exchanger before it is cooled
further by expansion in the bootstrap turbine. Most of the water
condensed during the cooling of the air in the turbine is removed in
a low-pressure water separator.

The mass flow rate and the required pressure of the bleed air will
in general depend on the pressure and temperature at which the cold
air must be delivered to the cockpit and avionics and the design of
the ECS. The energy or exergy of the air that can then be had from
the main enginecompressoris not a continuousfunctionbutratheris
limited by the factthatit can only be extractedfromdiscretestages of
the compressor. Typically, modern ECSs have a bleed port at a low-
pressure and one at a high-pressurestage, as indicatedin Fig. 5. The
bleed temperatureand pressureare a very strong functionsof engine
design, throttle settings, and the operatingconditionsdictated by the
mission. In this paper it is assumed that the high-pressure bleed air
is taken from the last compressor stage. The low-pressurebleed port
is assumed to be located at a point in the high-pressure compressor
(HPC) with a pressure ratio equal to the square root of the overall
HPC pressure ratio

The ram air inlets create a penalty in the system, which is propor-
tional to the drag force created by the inlets Dgcs. Quantitatively, the
drag force created by the inlet heat exchanger exit assembly is de-
fined as the cooling airflow’s rate of momentum change. In addition
to this, there will be the profile drag of the inlet and exit and per-
haps some interferencedrag as a result of unfavorable interactions.
The thermodynamic, physical, and cost models for the ECS can be
found Ref. 4. The cost models were obtained from a combination of
catalog data, existing reports, and data provided by manufacturers.
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Fig. 5 ECS components.

Some of the decision variables (x; and x,) for the PS are given
here: fan bypass ratio; fan design pressure ratio (tip and hub); high-
pressure compressor design pressure ratio; high-pressure turbine
design pressure ratio; low-pressure turbine design pressure ratio;
mixer Mach number; turbine inlet temperature; and cold, hot, and
non-flow core length for four heat exchangers. Some of the ECS
decision variables are as follow: compressor design pressure ratio,
turbine design pressure ratio, existence-nonexistenceof the two re-
generative heat exchangers in configuration, areas of two ram air
inlets, type of fin in primary and secondary heat exchangers (from
a set of 10), pressure regulating valve setting, bypass and hot air-
flow rate, and regenerative heart exchanger cold airflow rate. Other
important design variables and the constraints for the problem are
givenin Ref. 7. A total of 154 independentvariables were involved.
Additionally, the settings (i.e., on or off ) of two bleed ports are the
common variables x for both subsystems.

As just mentioned, the synthesis/design of the ECS is heavily
influenced by the engine operating settings and design. In turn, the
PS is affected by the ECS bleed air requirements and weight and
the momentum drag created by the ram air inlets. Therefore, the
coupling between the two subsystems is quite tight. The coupling
functions for all of the units considered are given in Table 1.

The unit-based system-level optimization problems for the ECS
and PS were solved concurrently. The process starts by using as-
sumed values for u,; in the PS optimization. Once a PS design
is obtained, the vector u,, and its shadow prices (Apjeed, Aweess and

Table1 Coupling functions for the system of Fig. 3

Unit Function

u1p  Bleed air temperature and pressure
Usy Ram air momentum drag, ECS weight,
bleed air requirement
u3z;  Weight of the permanent and expendable payload
Ugy Drag and lift coefficients at different Mach numbers,
weight of the airframe

Adecs) are calculated for use in the ECS optimization. A schematic
of the PS modeling and optimization approachis given in Fig. 6.
In Fig. 6 the subscriptsbleed,drag, and wecs refer to bleed airflow
rate, ram air inlet drag, and ECS weight, respectively. The engine is
“flown” on paper to obtain the fuel consumption. An iterative proce-
dureis used to obtain convergenceon the takeoff gross weight. Once
the Wpo calculationis complete, the solutionis sent to the optimizer
for evaluation. Because of the large number of variablesin the ECS
problem, conceptual and time decompositions in the manner just
described were used. The design point for the ECS corresponds to
the subsonicmissionsegmentwith the highestaltitude. This mission
leg is used to obtain a set of the most promising solutions (identi-
fied with the subscript feasible in Fig. 7). Each of these (typically
five) provides constant values for the ECS synthesis/design deci-
sion variables, which are then used in the remaining (14) off-design
optimization problems. At the operational level these problems are
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Fig. 7 ECS decomposed optimization approach for the problem with W as the objective function.

resolved each with respect to the operational decision variables for
each leg. The optimizationprocedure for the ECS is shown in Fig. 7.
In Fig. 6, Wro, refers to the ECS contributionto the takeoff gross
weight.

All of the optimization problems were solved using the commer-
cial optimization package iSIGHT.*® Each optimization iteration
typically consists of two steps. The first uses a genetic algorithm
(GA) to deal with the mixed integer variables and possible local
minima problems in each of the unit-level (subsystem) optimiza-
tions. Each GA optimization run has a minimum population size
equal to three times the number of variables with a minimum of
50. The minimum number of iterations for the GA is set to 100
and 1000 times the populationsize for the PS and ECS optimization
problems, respectively.In the first step the convergencecriterion for
the calculationof the takeoff gross weightis set at 0.2%. This means
that the value of Wrq sent to the optimizationalgorithmshas an error
of approximately =200 N. The second step uses the top two or three
solutions obtained with the GA to narrow down the best solutions
using a gradient-based algorithm (Method of Feasible Directions).
For the second step the convergence criterion in the takeoff gross
weight calculationis set at 0.1%.

The number of iterationsrequired to achieve an optimum was four
in all cases. The final answer was the same for all of the different

Table2 ECS and PS optimum results

Objective function Optimum result

Wro/g, kg 10,134
WFUEL/g 3,308
WSTR/g 4,526
WENg/g 1,075
AWrogcs/g 852
WECS /g 272
Cost-ECS? 541
Cost-PS 5,642
Cost-STR 1,414

*All costs are given in thousands of 1999 U.S. dollars.

objective functions considered: Wro, WgygL, and capital cost. The
last result came as no surprise because the cost correlations used
were linear with respect to weight. The evolution of some the ob-
jective functions and some other dependent variables are given in
Fig. 8. The final results are shown in Table 2.

The global convergence properties of ILGO are discussed in
Ref. 6. The authors theorize and have shown in the context of four
complex, high-degree-of-freecom applications~!%12=14 that ILGO
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Fig. 8 Evolution of the takeoff gross weight, fuel, and ECS and engine
weight at different points of the ILGO approach.

will converge to a global optimum if the system-level objective is
convex in the domain of the coupling functions (the ORS). To ver-
ify this finding in, for example, the application just presented, the
entire MINLP ECS/PS problem was solved with a reduced number
of variables. This was done by coupling the different codes to the
optimizer as a single simulator. It was found that the solution ob-
tained by solving the entire problem was essentially the same as that
obtained using ILGO, that is, within 10% and with the latter pro-
ducing the betterresult. The authors furthermore presenta graphical
representation of the ORS and an analysis of the results in Ref. 7.
For the given problem the shadow prices for the coupling functions
remained approximately constant from iteration to iterationindicat-
ing that the ORS is in fact a hyper/plane, a result that was verified
graphically.
Conclusion

A number of optimization methods for stationary energy sys-
tem optimization have been proposed and used. From these, the
local-global techniquesinitially presented in Refs. 5-9 and summa-
rized here and in Refs. 614 are seen to be the most amenable for
large multidisciplinary analysis and optimization. These methods
are capable of using dissimilar modeling codes, possibly written
for different platforms. In addition, they are modular and can be
implemented in a concurrentor parallel fashion. Thus, analysis and
optimization problems are divided into clearly separated tasks as-
signed to the different engineering specialties. Responsibility for
the effect that each group has in terms of the objective functions of
the other units is quantified. Changes in a particular unit are made
in order to improve the overall system even if such changes do not
seem optimal from the point of view of a unit alone. The synthesis/
design process can be halted at any step, and some improvement
over the starting point is likely to be achieved. As to using LGO or
the original development by the authors, namely, ILGO, the latter
is a significant advance over the former because of the following:

1) Iteliminatesthe nested optimizationsrequiredin standard LGO
decompositionapproaches. This in factleads to what in the thermoe-
conomic literature is called a close approach to thermoeconomic
isolation**?° which is defined as the ability to optimize indepen-
dently each unit of a system and yet still arrive at the optimum for
the system as a whole.

2) It uses an intelligent search based on shadow prices to effec-
tively search the system-level optimum response surface without
having to actually generate it or the unit-level ORSs.

3) ILGO ensures consistency between all local objectives and the
system-level objective.

4) It introduces no constraint inconsistencies from one subprob-
lem to another.

5) ILGO is conducive to the parallelization of the various sub-
problem optimizations.

As to some of the methods used by the aerospace multidisci-
plinary design optimization (MDO) community, the similarities be-
tween these and LGO and ILGO should be evident. For example,

the use of piece-wise linear approximations of system behavior in
the vicinity of a design point are commonalties of ILGO and some
of the leading MDO methods (e.g., CCSO3"). The shadow prices for
the coupling functions and the independent variables are mathemat-
ical representations of the interdependenceof the different units or
technologies that comprise a system. They also serve as indicators
of the relativeimportance of the decision variablesand of the effects
that changes in values of the coupling functions might have in terms
of the overall objective function. Therefore, the shadow prices com-
monly used in stationary system synthesis/design optimization are
seen to be mathematically and conceptually similar but not identi-
cal to the partial derivatives associated with the Global Sensitivity
Theory®? and the MDO methods that make use of them. Finally,
the approaches just presented, in particular ILGO, make it possible
to consider optimizing the synthesis/design of highly complex and
dynamic systems. This is particularly underscoredby the successful
application (with 553 deg of freedom) of this method to the concur-
rent synthesis/design optimization of the PS, ECS, FLS, VC/PAOS,
AFS, EPAYS, and PPAYS of an advance fighter aircraft.!*!4 Of
course, any future success of such a large multidisciplinary effort
will depend a great deal on the ability of different specialty groups
to closely interact with and interdepend upon each other. However,
the necessary, common, mathematical framework and understand-
ing needed to achieve this goal now exists.
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