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Optimization of an Aircraft Power Distribution Subsystem
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Virginia Polytechnic Institute and State University, Blacksburg, Virginia 24061

A mathematical optimization problem is formulated to design several components of an electrical power dis-
tribution system for next-generation aircraft. A simple interconnected system consisting of an input filter and a
dc-dc buck converter is used as the prototype for the optimization demonstration. The components are designed
for minimum weight, subject to performance, stability, and peak voltage constraints. Optimized designs for each
of the individual subsystems and for the integrated system are presented. It is shown that there is an interaction
between the filter design problem and the converter design problem and that weight improvements can be obtained
by considering these interactions. The optimization methodology described enables designers to obtain optimized

electric power subsystem designs in a time-efficient manner.

Nomenclature
Al Ao, = cross-sectional area of inductor winding
cpd
A,(jo) = audiosusceptibility transfer function
s = saturation flux density of ferrite core material
c,Cy, C, = capacitances
C,, Cuis = center leg width of inductor core
sz, de
D = converter duty cycle
F, = winding pitch factor of EE core
F, = window fill factor of EE core
I = switching frequency of converter
gm = gain margin of converter closed loop
ho, w2, w, = controller parameters of converter
h[i s h[p
Ip = converter average input current
I px) = peak inductor current
1, = converter average load current
I, = peak value of pulse disturbance
J = objective function
K, = aspectratio of center leg of EE core
K, = aspectratio of window of EE core
L, L,,L, L, = inductance

air gap length of inductor core
number of inductor turns

lga lgl, lg2, lgd
n,ny, ny, ng

Rc = equivalentseries resistance

for converter output capacitance
T, = duration of pulse disturbance
Vg = filter output voltage
V, = filter input voltage

Received 23 January 2001; revision received 8 July 2002; accepted for
publication 20 August 2002. Copyright © 2002 by the authors. Published
by the American Institute of Aeronautics and Astronautics, Inc., with per-
mission. Copies of this paper may be made for personal or internal use,
on condition that the copier pay the $10.00 per-copy fee to the Copyright
Clearance Center, Inc., 222 Rosewood Drive, Danvers, MA 01923; include
the code 0021-8669/03 $10.00 in correspondence with the CCC.

*Technical Staff, 1049 Camino Dois Rios.

TResearch Associate, Department of Engineering Science and Mechanics.
Member AIAA.

* Associate Professor, Bradley Department of Electrical and Computer
Engineering. Member ATAA.

SProfessor, Departments of Aerospace and Ocean Engineering and
Engineering Science and Mechanics. Associate Fellow AIAA.

IProfessor, Center for Power Electronic Systems, Bradley Department of
Electrical and Computer Engineering.

16

Vo = converter output voltage

Viet = reference output voltage for converter

W, = window area occupied by winding

w, = window area occupied by bobbin

Woob = width of bobbin of EE core

We = capacitor weight

Wey = weight of copper in inductor

Wk = weightof iron in inductor core

43 = inductor weight

Wr = resistor weight

Wy, Wort, = window width of inductor core

Ww2’ Wwd

Zig = closed-loop input impedance of converter

Zip = inputimpedance of input filter

ZiL = 1impedance looking out of output terminals
of input filter

Z,p = closed-loop output impedance of input filter

Z,c = impedance looking out of input terminals
of input filter

Z,r = output impedance of input filter

oc = proportionality constant for capacitor weight

Al = switching ripple of converter inductor current

AV, = switching ripple of converter output voltage

Avg = transient voltage excursion at converter input

Av, = transient voltage excursion at converter output

o = permeability of free space

Pcu = density of copper

PFe = density of iron

D = peak flux in inductor core

O = phase margin of converter closed loop

Yok = peak flux linkage in inductor core

Weg = loop gain crossover frequency of converter
voltage loop

wp = passband edge frequency for input filter

Wy = stopband edge frequency for input filter

I. Introduction

HE principal objective of this research effort is to develop and

demonstrate optimization methods that facilitate the design of
aircraft power distribution systems.! This approach is a departure
from pastdesignmethodologiesthatare primarily ad hoc. The ad hoc
approach to power system design is time intensive and yields com-
ponentsthat are overdesignedto ensure global stability of the power
system. The optimization methodology proposed here accounts for
componentinteractionsin the systemto yield smaller, lighter weight
components while maintaining performance requirements. Weight
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reduction in power distribution systems may be critical for the per-
formance of air vehicles, especially for smaller vehicles such as
uninhabited surveillance and combat aircraft for which electronics
systems make up a large percentage of the aircraft weight.

This optimizationdesignmethodologyis proposedin anticipation
of the next-generation aircraft, where it is projected that all power,
with the exception of propulsion, will be distributed and processed
electrically. Electrical power will be utilized for driving a diverse
array of aircraftsubsystemsthat are currently powered by hydraulic,
pneumatic, or mechanical means. These subsystems include flight
control actuation systems, environmental control systems, and sev-
eral otherutility subsystems.As the aircraftbecome more integrated,
the coordinated, optimized design of the various subsystems will
become more important. The optimization methodology introduce
here is formulated in such a way as to fit into a multidisciplinary
design environment.

Our primary interest is next-generation power distribution sys-
tems built around a 270-V dc distribution bus. This bus is regulated
by switching power converters. Most of the loads, including the ac-
tuators, are also regulated using switching power converters. Other
devices in the power system are filters and relays that serve to con-
trol the interaction of the various components of the power system.
The design of the components themselves is quite complex, partic-
ularly the switching power converters. Because of their interaction
with other subsystem componentsin the power distributionsystem,
switching power converterscan cause unstable operationof the inte-
grated system. Hence, the global stability of the power distribution
system must be accounted for in the local componentdesign.

Similarly, the performance of the overall power distribution sys-
tems depends heavily on the interaction between the subsystems.
One of the distinguishing features of these modern power distribu-
tion systems is that they allow for power flow in both the forward
direction from the generator to the loads and in the reverse direc-
tion from the loads to other loads and the generator. In other words,
some actuation loads in the power system are capable of regener-
ating power back to the source under certain operating conditions.
A prime example of such a component is the actuator that drives
the control surface of an aircraft. When the control surfaces reverse
under air loads, the actuators can generate electric power that is
fed back to the system. The process of power regeneration mani-
fests itself as a transient disturbance on the regulated dc bus. The
regenerative power causes transient voltage spikes on the dc bus.
Hence, the individual component design must take into account the
system level transient phenomena that occur due to the process of
the regeneration of power.

Mathematical optimizationtechniqueshave found applicationfor
the design of high-performance converter and drive systems.!™
However, optimization methods for the design of aircraft or ship-
board power distributionsystems, where efficiency, size, and weight
are of paramount importance, have received very little attention in
the past* The development of an optimization methodology for
these power distribution systems is involved due to the complexity
of the components and their strong interaction. Our approach to the
developmentof a global optimization methodology is to begin with
the developmentof an optimization methodology for the individual
components of the power distribution system. The models of the
individual components account for the interactions with the other
componentsin the global system in a simplified manner. Therefore,
the methodology optimizes the performance of the local component
while accounting for global interactions. When the subsystems are

consideredjointly, the optimization formulation for each subsystem
is such that they can be combined in a straightforwardway to obtain
an optimization methodology for the entire system.

The proposedoptimizationprocedureis demonstratedon a simple
interconnectedsystem (henceforthreferred to as the sample system)
consisting of a regulated dc—dc buck converter preceded by an in-
put filter. The sample system captures the essential features of the
optimization problem formulation, whichis solved using a commer-
cially available optimization code. An optimization methodology is
formulated for the filter component first. This optimization method-
ology is then extended to a regulated dc—dc buck converter, taking
into account the increase in complexity of the converter. These two
optimization problems are then combined to yield a single opti-
mization problem for the combined system. Stability of the global
system is insured, and the effects of regenerative power flow are
accounted for through proper choice of constraints. To assess the
validity of the results obtained from the optimizer, the optimal de-
signs are compared to a filter built for a three-phase buck converter
for a telecommunications application?

The sample system is introduced in Sec. II. The optimized de-
sign of the input filter as an independent subsystem is presented in
Sec. III. The optimized design of the converter as an independent
subsystemis then presented in Sec. IV. The filter and converter are
combined to form an interconnected system and optimized simul-
taneously in Sec. V. The conclusions are provided in Sec. VI.

II. Sample System

In this paper, we will demonstrate the optimization procedure on
a sample system extracted from the components of a typical aircraft
power distribution system. The sample system captures the salient
features of the optimization problem formulation. The sample sys-
tem consists of an input filter, followed by a regulated dc—dc buck
converter as shown in Fig. 1.

The poweris supplied by the aircraft powerbus, which is assumed
to be a stiff dc source of V, =270 V. The buck converteris represen-
tative of most power converters commonly found in aircraft power
systems. The converteris loaded by a fixed dc current source /, (to
represent the average power drawn).

Switching converters inject an appreciable amount of high-
frequency noise into the system. This high-frequency noise results
in whatis known as electromagneticinterference (EMI) between the
converterand other interconnectedsystems. Inputfilters are added at
the frontend of these convertersto prevent the switching noise from
entering the source subsystem. Stringent EMI specifications exist
that impose upper bounds on the input filter transfer characteristics
at different frequency ranges as dictated by the specific application.

A distinguishing feature of modern aircraft power distribution
systems is the regeneration of energy from the flight control actua-
tors to the dc bus during certain operatingregimes. The regenerative
power occurs as a transient disturbance on the dc bus and results
in intolerably large voltage swings on the bus. To include the effect
of regenerative power on system characteristics,a load disturbance
Io4(f), which is represented by a pulse load with duration 7),, is
included into the sample system as shown in Fig. 1.

The nominal operatingconditions for the sample systemare given
in Table 1. The goal of the optimization is to design these two sub-
systems such that 1) each subsystem meets its own performance
specifications (to be describedin the followingsections),2) the over-
all system is stable within prescribed stability bounds, 3) the effect
of the transient disturbance source i,,(¢) at the output of the buck
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Fig. 1 Block diagram of the sample system.
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converter on the input voltage of the converter (i.e., the effect of
the regenerative power) is limited, and 4) the overall weight of the
system is minimized. In the sections that follow, we will discuss the
optimization of each subsystem separately and then the combined
optimization of the whole system.

III. Optimized Design of Input Filter

A. Problem Formulation

The filter to be optimized is shown in Fig. 2. It must operate as
an integral part of the global system. To account for the interactions
with the rest of the system, a voltage source has been added to
the input of the filter, and two current sources have been added
to the output of the filter. The constant current source accounts
for the nominal current load of the buck converter in the sample
systemdiscussedin the last section. The time-varyingcurrentsource
accounts for the regenerative energy from the buck converter. This
current source represents the dynamic coupling between various
blocks of the power distribution system.

The basic design problem is to select the component values of
this filter, including the physical parameters of the inductors. To
formulate the optimization procedure, it is necessary to 1) develop
the model of the filter, 2) identify the design variables, 3) specify the
constraints, and 4) define the objective function. Each of these ele-
ments of the optimization methodology is discussedin this section.

B. Model, Design Variables, and Objective Function
1. Filter Model

The model for this subsystemcan easily be developed using stan-
dard network analysis. For the optimization procedure, the model is
written in the standard state-space form.

Table1l Nominal operating conditions
for sample system

Variable Description Value
V, Filter input voltage 270V
Vg Filter output voltage 270V
Vo Converter output voltage 100 V
D Converter duty cycle Vol Vg
1, Converter average load current 15A
Ip Converter input current I,(V,IVy)
1, Peak value of pulse disturbance —20A
T, Duration of pulse disturbance 10 ms

il ™

D

i; 1)

Fig. 2 Schematic of input filter used in sample system.

2. Design Variables

For the input filter shown in Fig. 2, the design variables include
the capacitance values C, and C,, resistance value R,, and the ele-
ments of the three inductors. In the present work, the inductordesign
includes the physical design of the inductor’s components, not just
the selection of the value of the inductance. The inductors are as-
sumed to use typical EE cores (Fig. 3) that are defined by a set of
geometric variables.

The quantities K| and K, shown in Fig. 3 are assumed to be fixed
and represent the aspect ratios of the center leg and the window,
respectively. The bobbin is housed on the center leg of the core.
The bobbin, along with the windings, is placed around the center
leg before the two halves of the EE core of the inductor are fastened
together. The inductance as a function of these physical variablesis
given by

L=pu,K Cn?/l, 1)

The completesetof inputfilter design variablesis listedin Table 2.
Note that these variablesinclude parametersrelated to the windings
and wire size, as well as the geometry variables.

3. Objective Function
The objective function is the weight of the input filter. The total
filter weight is the sum of the weights of the inductors, capacitors,
and resistors
J=W,+We+ Wi 2)

The weight of an inductor is determined as the sum of the weights
of ferrite and copper used in the core and windings, respectively,

Wi = Wg. + W, (3)

Table 2 Design variables for the input filter

Design variable Description
Cy Filter capacitance
C, Filter capacitance
Ry Filter resistance
ng Number of turns for L,
Acpa Cross-sectional area of winding for L4
Cua Center leg width for L,
Wya Window width for Ly
lea Airgap length for L,
ny Number of turns for L
Acpt Cross-sectional area of winding for L
Cu1 Center leg width for L
Wi ‘Window width for L,
le1 Airgap length for L
no Number of turns for L,
Acp2 Cross-sectional area of winding for L,
Cu2 Center leg width for Ly
W2 ‘Window width for L,
g2 Airgap length for L,
Core

C

w

Fig. 3 EE core and relevant dimensions.
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From Fig. 3, the weight of the copper can be obtained as
WCu = pCuVOlCu = Pcu " MLT -n - Acp (4)

where the mean turn length per turn (MLT) =2F,C,(1 4+ K;) and
the pitch winding factoris F, = 1.9. Similarly, the weight of the iron
used in the EE core is given by (Fig. 3)

WFe = pFeVOlFe = /OZpAp = /OZpKICi (5)
where the magnetic path length is
Z, =201+ KW, + (7/2)C, (6)

The weight of a capacitor is approximated as a function of the
energy stored in it and is given by

WC = (xCCVCZ (7)

The constant «c was empirically obtained from manufacturer data
sheets. Finally, the weight of the resistor is approximated as a func-
tion of the energy dissipatedin it and is given by

t
WR=aR/R.i§.dr (8)
0

C. Constraints
1. Physical Constraints

These constraints are defined to guarantee physically meaningful
dimensions for the core and windings used in the inductor (Fig. 3).
They are defined as follows*: 1) The widths of the centerleg C,, and
of the window W,, are not allowed to be less that 1 mm to ensure
sufficient mechanical strength of the core. 2) To ensure sufficient
mechanical strength for the winding, the copper wire used can not
be greaterthan 30 AWG (American Wire Gage), whichis equivalent
to a cross-sectionalarea of 7.29 x 10~% m2. 3) The number of turns
in the inductor can not be less than one and must be an integer (this
variable is treated as a continuous variable in the gradient-based
optimization reported here). 4) The current density in the windings
of the inductor can not be greater than the maximum allowable
current density for copper. 5) The window of the EE core houses
the windings and the bobbin. The area occupied by the windings is
given by

Wa = nAcp/Fw (9)

where F,, = 0.4 is the window fill factor. 6) The window fill factor
is included to account for imperfections in the windings on the
bobbin. The areaoccupiedby the bobbinin the window, using simple
geometry, can be determined as

Wy = Wea K2 W, (10)

where W,y is the thickness of the bobbin wall. Hence, the window
isrequired to be large enoughto accommodate the windings and the
bobbin. This requirementis formulated as a constraint given by

KaW2 > W, + W, (11)

7) The dimensions of the inductor should be such that the maxi-
mum allowable saturation flux density for a ferrite core material,
B, =0.3 T, is not exceeded to prevent the inductor core from run-
ning into saturation. The maximum flux density is determined as the
ratio of the maximum flux to the area of cross section of the center
leg. Hence, this constraintis given by

ﬁ _ (‘l’pk/") _ (LIL(pk)/n)

B = = 12
P T Aew | KiC2 K.C2 (12)

2. Performance Constraints

Performance constraints are further classified as frequency-
domain and time-domain constraints.

a. Frequency-domain constraints. ~ As mentioned earlier, input fil-
ters are added at the frontend of switching converters to prevent the
high-frequencynoise from entering the source subsystem. Stringent
EMI specifications exist thatimpose upper boundson the input filter
transfer characteristics at different frequency ranges, as dictated by
the specific application. The EMI specifications on the input filter
are typically translated into frequency domain constraints on the
forward voltage transfer function of the input filter. This transfer
function between the input and output voltage of the input filter in
Fig. 2 is given by

Ve(jw)/Vs(jo) = Ay(jo) (13)

The frequency response of the forward voltage transfer function for
a typical input filter is shown in Fig. 4.

Two types of constraints exist for the frequency-response func-
tion: low-frequency passband constraints and high-frequency stop-
band constraints. The transfer of power from the source to the load
occurs almost entirely in the low-frequencyregion. Hence, the input
filter needs to be designed to have a near-unity gain in this region,
called the passband. These passband constraintsare defined in terms
of upper and lower bounds on the input—output transfer function of
the filter, up to a passband edge frequency w,, as shown in Fig. 4.
For the present problem, the passband constraintis defined as

—1dB < [A,(jo)l =6dB (14)

for0 <w <w, =275 x 10* rad/s.

In addition, the filter must attenuate the high-frequency switch-
ing noise according to given EMI specifications. When this filter
is attached to a switching power converter, the EMI specifications
are often defined by the switching frequency of the converter? here
assumed to be 100 kHz. For the present problem, the stopband con-
straint is

|A,(jw)| < —60 dB (15)

for w > w,, =2 - 50 x 10% rad/s.

b. Time-domain constraints. The time-domain constraints ac-
count for the dynamic coupling between the various components
of the power distribution system. In the sample system shown in
Fig. 1, a pulse current load at the output of the buck converter de-
velops a transient current disturbance i g, (¢). This transient current
represents the regenerative energy from the actuator. This transient
current will cause an undesirable voltage swing at the output of the
filter. A time-domain constraint on the output voltage is imposed
to limit the effect of the disturbance. This constraint is an upper
bound on the maximum transient excursion of the output voltage of
the filter as indicatedin Fig. 5. For the present work, the maximum
transient voltage excursion limit is Avg <20 V.

| Passband constraints

LLLLLS LSS SIS LSS LI LS LSS LS Stopband
T T T constraints
. Veljo ’ A
A
vl
@, Wy, @

Fig. 4 Frequency-domain performance specifications for the input fil-
ter, where A, (jw) = v (jw)/V, (jw)|.

v )
B Av, <AV Fig. 5 Constraint for
B Bmax .
i output voltage of the input
filter.
t
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Fig. 6 Generic subsystem interface.

Z,
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Fig. 7 Feedback loop at the interface due to interconnection of sub-
systems 1 and 2.

3. Stability Constraints

Because the input filter consists only of passive components, it
is generally internally stable. However, the input filter is notorious
for causing instability due to its interaction with a regulated con-
verter. It can be shown that a regulated power converter can have a
negative input impedance that might cause the interconnectedsys-
tem to become unstable. Constraints that guarantee stability of the
interconnected system are defined in the frequency domain using
the Middlebrook impedance ratio criterion.” The impedance ratio
criterion is briefly explained in the following.

Suppose we have two interconnectedelectrical subsystems, as in
our sample system. Let each subsystembe representedby a standard
two-port model as shown in Fig. 6. The currenti; and voltage v, at
the interface are given by

i; = Api, + Your, v = Apvy — Zoiig (16)
From Eq. (16), it can be seen that the interconnection results in a
feedback loop, as shown in Fig. 7.

The stability of the interconnectedsystem dependson the stability
of the feedbackloop. The sufficient condition for the stability of the
feedback loop and, hence, of the interconnected system is given by
the small-gain theorem. Applied here, we have

1Zo1 Gl - Y2 (feo) Il K 1 a7
This expression can be rewritten as
1Zo1 Ge)ll K1/ Y2 (Gl = 1 Zio () | (18)

which implies that the magnitude of the output impedance of sub-
system 1 (filter) must everywhere be less than the input impedance
of subsystem 2 (converter). Equation (18) is traditionally known as
the impedance ratio criterion.

Now we apply this idea to our filter design problem. Of course,
the stability criteria must be applied twice: once to the interaction
with the buck converter at the output of the filter and once to the
interaction with the voltage bus at the input to the filter. The input
filter schematic showing only the relevant impedances is shown in
Fig. 8.

Consider first the output of the filter. The impedance looking out
of the output terminals of the filter is designated Z;;, and it is the
input impedance of the buck converter. For the filter optimization
problem, this impedance is considered to be fixed and given. The
impedance Z,, is the impedance looking into the output terminals
of the filter. It is calculated from the design model and depends on
the design variables of the input filter. When the impedance ratio
criteria are applied, the output impedance of the filter Z,;, which
depends on the design parameters, must be less than the impedance

ZOC

~N
ZiF >Zi min » _ﬁ/ @
ZUF A(Lmax

Fig. 8 Impedances at the terminals of the input filter.

Z;;. Because Z;, is given, sufficient separation between these two
impedances can be enforced by requiring that the upper bound of
the output impedance of the filter satisfy

Zy_max = max[|Z,r(jw)ll <15dB < Z;; (19)

A similar reasoningis applied to the interaction between the filter
and the power bus. When the impedanceratio criteriais applied, we
obtain the constraint

Zi_win = min[|Z;r (jw)|] >3 dB > Z,c (20)

D. Optimization Results

Optimization was performedusing a commercially available pro-
gram, VisualDOC optimization software ® The modified method of
feasible directions algorithm’ was utilized. The transient peak volt-
age constraintwas enforced by imposing an upper bound constraint
on the maximum output voltage obtained from a time domain sim-
ulation of the filter response. The input impedance constraint was
enforced by imposing a lower-bound constraint on the minimum
input impedance obtained from a frequency domain simulation of
the filter response. Likewise, the output impedance constraint was
enforced by imposing an upper-bound constraint on the maximum
output impedance obtained. Constraint derivatives were computed
using finite differences. Depending on the initial design used to
start the optimization iterations, convergence was obtained within
approximately 200 function evaluations. (Here, a single function
evaluation includes both a time-domain simulation and frequency-
domain computations.) The optimizations were achieved in approx-
imately 40 min on a 500-MHz Pentium III personal computer.

To assess the validity of the results obtained from the optimizer,
the optimal designs were compared to a filter built for a three-phase
buck converter for a telecommunications application? This hard-
ware design, developed without the use of the optimizer, is referred
to here as the nominal design.

Because the optimization algorithm is a gradient-based method,
the initial design point may be trapped by a local minimum. In the
presentwork, it was found that there were local minima in the design
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Table 3 Physical variables of the filter inductors
Variable Nominal value Optimal value
ni 29.53 19.94
Acpt 0.630 x 107° m? 0.530 x 107° m?
Cui 0.751x 1072 m 0.484x 1072 m
W 0.682x 1072 m 1.017x 1072 m
le1 1.16 x 1073 m 0.664 x 1073 m
na 45.98 42.77
Acp2 0.448 x 107> m? 0.382 x 107> m?
Cu2 0.985x 1072 m 0.939x 1072 m
W 1.33x 1072 m 1.244x 1072 m
Iy 1.29x 107> m 1.03x 107 m
ng 16.06 7.79
Acpa 0.349 x 1075 m? 0.359 x 1075 m?
Cua 0.396 x 1072 m 0.585x 1072 m
Wa 0.978 x 107> m 0.564 x 1072 m
Loa 0.355x 1073 m 0.176 x 1073 m

Table4 Nominal and optimal filter designs

Variable Nominal value Optimal value
Ly, uH 80 26.49
L, uH 300 296.77
Ly, ptH 21.5 22.29
Cy, uF 5 7.19

Cy, uF 18.8 27.70
R4, 3 223
Weight, kg 0.5279 0.3692

Table5 Response quantities for nominal and optimal

designs of input filter
Response variable Nominal Optimal
Minimum input impedance, dB 3.81° 2.99
Maximum output impedance, dB 15.39 9.11

Passband maximum, dB 5.63 3.18

Passband minimum, dB 6.55%x 107°  7.94390x 10~°
Stopband maximum, dB —63.13 —60.00
Peak output voltage, V 21.97* 13.75

*Violated constraint.

space, although in all cases studied even the local minima were
lighterthan the nominal design. The resultsreportedhere correspond
tothebestdesigns found during the course of the study and are likely
to be the globally optimum design.

The physical variables for the filter inductors values for the nom-
inal and optimal designs are given in Table 3. The nominal and
optimum component values and the objective function are provided
in Table 4. Response quantities of interest for the nominal and op-
timal designs are given in Table 5. Response quantities that are at
their upper or lower bounds are listed in boldface type. The physical
constraints on the current density, available window area, and sat-
uration flux density for each of the three inductors were active for
the optimal design. The other active constraints for the optimized
design were the lower-bound constrainton the inputimpedance Z;
and the stopband constraint on the input—output transfer function.
Note that the peak voltage constraint was violated for the nominal
design.

To compare the optimizationresults with the hardware (nominal)
design, several additional optimization runs were performed corre-
sponding to different values of the lower-bound constraint Z;_;,
on the input impedance. The resulting family of optimal designs
is compared to the nominal design in Fig. 9. For the same value
(3.8 dB) of Z,_in, the optimal design is 25% lighter than the nom-
inal design. For the same weight, on the other hand, the minimum
input impedance for the optimized design is approximately 47%
higher than for the nominal design. In addition to providing weight
savings in comparison to the nominal design, the optimal design
methodologyis automated and considerably reduces the design cy-
cle time.

0.55

0.5

04

Weight, kg

0.35

0.3+ T T T T T

Zi_min, dB

Fig. 9 Weight of optimal designs as a function of the lower bound on
the input impedance.
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I 0 iotl (t)
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Io iod ( t)

Fig. 11 Realization with PWM switch.

IV. Optimized Design of Buck Converter

A. Buck Converter Model, Design Variables, and Objective Function

Next, we consider the formulation of the optimization problem
for the design of the buck converter, the second subsystem in the
sample system discussedin Sec. II. The approach to this subsystem
is very similar to the approach taken for the filter, particularly the
interaction constraints. Some additional constraints are required for
the converter, however, because of its internal complexity.

1. Buck Converter Model

The schematic of the dc—dc buck converter is shown in Fig. 10.
The switch—diode combination highlighted in Fig. 10 is replaced
by a single-pole double-throw switch, known as the PWM (pulse
widthmodulated) switch, as shownin Fig. 11. The switch S is turned
on (switch at position a in Fig. 11) and off (switch at position b in
Fig. 11)atafixed frequencyto transformthe inputvoltage vy toa pe-
riodic square wave voltage v, . The voltage v, is then filtered by the
L—C filter to obtain the output voltage v,. The average value of the
output voltage is varied by modulating the time interval the switch
S is kept on. The fraction of the time period 7' for which the switch
is kept on is known as the duty cycle d of the switch. The values
of L and C and the switching frequency f; determine the switching
ripple in the inductor currenti; and output voltage v,. Approximate
waveforms of the inductor current and the output voltage, including
the switching ripple, are shown in Fig. 12. To regulate tightly the
average value of the output voltage to a fixed reference, a feedback
compensatoris used to control the duty cycle d of the switch against
disturbancesin the load current i, and input voltage vp.
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Table 6 Design variables for buck converter

Design variable Description

Number of turns for L

CSA of winding for L

Center leg width for L

Window width for L

Airgap length for L

Capacitance

Switching frequency of buck converter
Voltage controller gain

Voltage controller zero

Voltage controller pole

Current controller proportional gain
Current controller integral gain
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Fig. 12 Switching waveforms of inductor current and output voltage.
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Fig. 13 Average model of buck converter.

In this paper, an average model of the buck converter, which ne-
glects the switching ripple in the currents and voltages, is used.®
The average model of the buck converter replaces the switch—diode
combinationin the switch model (a in Fig. 10) by controlled current
and voltage sources. A multiloop controller consisting of an inner
inductor current loop and an outer voltage loop is used for the regu-
lation of the output voltage to a fixed reference. The average model
of the buck converter along with a block diagram of the controller
is shown in Fig. 13. The model of the buck converter can now be
derived from Fig. 13 using standard circuit analysis techniques.

2. Design Variables

Design variables for the buck converterinclude the physical para-
meters governing the design of the inductor L, the capacitance C,
the switching frequency of the converter f;, and a set of parameters
governingthe feedback controller (h,, w:, w,, h;,, and h;;). As with
the filter, it is assumed that an EE core is used for the inductor
(Fig. 3). Table 6 contains a list of all design variables used for the
buck converter.

3. Objective Function

The objective functionis the weight of the inductorand capacitor,
which is calculated according to Eq. (2) as the sum of the weights

of the inductors and the capacitors. The controlleris not assumed to
contribute significantly to the weight of the converter and, hence, is
neglected in the determination of the weight. In addition, because
thermal considerationswere notincludedin the optimizationformu-
lation, the weight of the heat sink was excluded from the objective
function.

B. Constraints

The performance, stability, and physical constraintson the design
of the buck converter are described in the following paragraphs.

1. Performance Constraints

The performance constraints consist of both time and frequency
domain constraints.

a. Frequency-domain constraints. Two frequency-domain con-
straints are imposed on the buck converter. In Fig. 13, the transfer
function between the input voltage vg and the output voltage v,
is called the audiosusceptibility of the converter. A typical trans-
fer function is shown in Fig. 14. An upper bound is imposed on
this transfer function to guarantee sufficient rejection of any high-
frequency disturbance introduced at the input voltage. This con-
straint can be stated as

A, = max|V,(jo)/Vs(jw)| < —30 dB 1)

The second constraint is imposed on the loop gain shown in
Fig. 15. The loop gain is the open-loop transfer function in Fig. 13
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Fig. 14 Frequency-domain constraints on the audiosusceptibility.
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Fig. 15 Frequency-domain constraints on the loop gain.
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Fig. 16 Time-domain constraints for the converter.

between the outputvoltageerror Vs — v,, and the output voltage v,,.
The characteristics of the loop gain transfer function determine the
bandwidth and the stability margins of the closed-loop system. An
upper-bound constraintis also imposed on the crossover frequency
of the voltage loop gain w,, to limit the bandwidth of the converter.
(This relationship can be found in classical control theory.!’) The
bound on the bandwidth of the converter will guarantee that the
switching frequency ripple in the inductor current and the output
voltage are sufficiently attenuated before they propagate through
the controller. The frequency w., is chosen to be sufficiently less
than one-half of the switching frequency. For the present problem,
this upper bound is given by

Weg <21 f/5 (22)

Additional constraints will be imposed on the voltage loop gain for
stability reasons, as will be discussed.

b. Time-domain constraints. 'Time-domain constraints are intro-
duced to account for transients in the voltages in the converter due
to transient disturbances at the output terminals of the converter.
These constraints are identical to those developed for the filter in
Sec. III. A pulse load disturbance represents the transient distur-
bance at the output of the buck converter. For the optimized design
of the buck converter, a fixed resistanceis included in series with an
ideal voltage source as shown in Fig. 16.

This fixed resistance was included to represent the effect of the
inputfilter when we impose the impedanceratio criteria for stability.
The resistance value was chosen to be equal to 52, which was the
maximum output impedance (15 dB) of the nominal input filter
design, and the voltage variations at the input and output of the
converter were constrained as

Avg <40V, Av, <30V (23)

2. Stability Constraints

Like the filter, the buck converter must satisfy external stability
constraints, so that the entire sample system in Fig. 1 is stable. In
addition, because of the presence of the internal control loop, the
converter must be internally stable.

a. Internal stability constraints. The design of the feedback con-
troller for the buck converter (Fig. 13) must guarantee stability and
robustnessof the closed-loopsystemin the presence of disturbances
in the load current and source voltage. These stability constraints
are defined as bounds on the gain margin g,, and phase margin ¢,, of
the closed loop. From classical control theory,!® positive values of
phase margin and gain margin are necessary conditionsfor stability.
To guarantee sufficient robustness of the closed loop, lower bounds
are imposed on these values as

¢ > 60 deg, &n >3dB (24)
These values are widely used in the design of switching converters.
These constraints translate into constraints on the voltage loop gain
in Fig. 14.

b. External stability constraints. External stability constraintsare
used to guarantee stability of the interconnectedsystem after adding
the input filter. As for the input filter, they are defined using the
impedance ratio criterion with the input and output impedances
appropriatelydefined. An upper bound is imposed on the maximum
magnitude of the outputimpedance Z,_,x and alower boundon the
minimum magnitude of the input impedance Z,_,,;, of the closed-
loop converter. Using the notation of Sec. 111, we have

Zi_win = min[|Z;5(jw)|] > 30 dB
Zy_max = max[|Z,5(jw)|] <20 dB (25)

Because the output impedance of the filter is set to 15 dB in
Eq. (19), the first of these two constraints ensures that there is at
least a 15-dB separation between the output impedance of the filter
and the input impedance of the converter (Fig. 8.) The upper bound
of the output impedance is set to ensure sufficient separation from
the minimum input impedance of the load to the buck converter.
Because the load is represented by an ideal current source (which
has an infinite input impedance), the upper bound of the output
impedance was arbitrarily chosen.

3. Additional Constraints

Inadditionto the physicalconstraints,which guarantee physically
meaningful dimensions for the core and winding of the inductors
similar to the input filter, constraints are also imposed to limit the
switching ripple in the inductor currents and the capacitor voltages.
Although the average model for the buck converter is used for the
analysis, expressions for the switching ripple in terms of average
quantities are readily available.

a. Inductor current ripple. It is generally required that the peak-
to-peak inductor current ripple be less than 10% of the nominal
inductor current. From Fig. 12, the inductor current ripple can be
obtained as®

Al =[(1 = D)/f,1(V,/L) (26)

If P,=V,I;mom 1is the nominal power rating of the converter, a
lower bound on the inductance, such that the switchingripple is less
than 10% of the nominal inductor current, is then determined as

L>10(V2/P,)(1 - D)/f, 27)

b.  Outputvoltage ripple.  The ripple in the output voltage is gen-
erally limited to be less than 1% of the average value of the capaci-
tor voltage ripple. It is assumed that the capacitor absorbs the ripple
componentof the inductorcurrent. The peak-to-peakoutput voltage
ripple constraintis derived as follows®:

AV, = (1/8CY AL/ f) + AL Rc (28)
When the inductor current ripple from Eq. (27) is substituted for,
the output voltage ripple constraintis

AV, = (1/8LO)(1 = D)/ f]V, + [(1 = D)/Lf]V, Rc

= (I/LO)[(1 = D)/ f2]V.(: + RcCf) < 0.01V,  (29)

If the voltageripple is constrained to be less than 1% of the average
value, then we arrive at the constraint

LC > 100- (1 - D/ f?) (% + RcCf,) (30)

C. Optimization Results

The optimizationscheme was same as the inputfilter optimization
discussedearlier. The transient peak voltage constraintwas enforced
by imposingan upper-boundconstrainton the maximumoutputvolt-
age obtained from a time-domain simulation of the filter response.
Converged optimal designs were obtained in approximately 300
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Table 7 Physical variables for the inductor
in the buck converter

Variable Nominal value Optimal value
n 55 55.55
Agp, m? 1.1x 1073 1.05x 1073
Cyp,m 1.65x 1072 1.626 x 1072
Wy, m 2.5x 1072 2.28 x 1072
L, 3.9x 1073 3.66 x 1073

Table8 Component values and objective
function for the buck converter

Variable Nominal value Optimal value
L, uH 400 419.75

C, uF 82 46.88

ho 1 0.881

w-, rad/s 100 420.14
wp, rad/s 40000 54983

hip 1 0.998

hij 100 100

fs, kHz 100 100
Weight, kg 1.5637 1.5072

Table9 Response quantities for nominal and optimal designs

Response variable Nominal Optimal
Inductor current ripple, A 1.574 1.5
Capacitor voltage ripple, V 0.6 1
Phase margin, deg 72.5 69.54
Gain margin, dB 58.67 37.13
Minimum input impedance, dB 33.72 33.69
Maximum output impedance, dB 0.02 1.25
Audiosusceptibility, dB —57.24 —55.99
Peak output voltage, V 19.85 22.61
Peak input voltage, V 37.38 38.85

*Violated constraint.

function evaluations. (A single function evaluation includes both a
time-domain simulation and frequency-domaincomputations.) The
optimizationswere achievedin approximately20 min ona 500-MHz
Pentium III personalcomputer. The optimal design for the buck con-
verter was generally insensitive to the initial design.

The physical variables for the filter are given in Table 7, and the
nominal and optimal designs of the buck converter, along with the
corresponding objective functions, are presented in Table 8. Re-
sponse variables of interest for the optimized buck converter are
givenin Table 9. Response variables at their upper or lower bounds
are listed in boldface type. The active constraints for the optimized
converter design were the physical constraints on the design of the
inductor and the constraint on the input voltage variation to the
transientload disturbance.

The optimizedconverterdesignis notsignificantly lighterthan the
nominal design, but it was obtained in a shorter period of time and
with a minimal amount of effort compared to the standard manual
design procedures.

V. Optimization of Coupled System
A. Formulation of the Combined Optimization

The optimization problems for the input filter and buck converter
were specifically formulated to allow them to be integrated into
a combined optimization with minimal modifications. The design
variables are those of the input filter and the converter as shown in
Tables 2 and 6. The constraints on the optimization of the intercon-
nected system are obtained from those of the designs of each of the
individual systems, with some modifications to account for inter-
actions between the input filter and the converter. The constraints
that need to be modified are those that are defined at the interface
between the input filter and the converter.

1) Because of the interconnection of the filter and the converter,
it may not be appropriate to impose fixed limits on the output

Table 10 Physical variables of inductors in sample system

Individual Integrated
Variables Nominal optimization optimization
Filter

ny 29.53 19.94 20.01

Acpr, m? 0.630x 1073 0.530x 1073 0.521x 1073
Cyi, m 0.751 x 1072 0.484 x 1072 0.480 x 1072
W1, m 0.682 x 1072 1.017 x 1072 1.014x 1072
ly1,m 1.16 x 1072 0.664 x 1072 0.657 x 1072
1y 4598 42.77 42.81

Acpr, m? 0.448 x 1073 0.382x 1073 0.370x 1073
Cyz,m 0.985x 1072 0.939x 1072 0.914 x 1072
Wy, m 1.33x 1072 1.244 x 1072 1.230x 1072
Iy, m 129 x 1072 1.03x 1072 1.017 x 1073
ng 16.06 7.79 7.78

Acpa, m? 0.349x 1073 0.359x 1073 0.356 x 1073
Cypa,m 0.396 x 1072 0.585 x 1072 0.576 x 1072
Wiya, m 0.978 x 1072 0.564 x 1072 0.561x 1072
lgq, m 0.355x 1072 0.176 x 1072 0.172x 1072

Buck converter

n 55 55.55 55.55

Agp, m? 1.1x 1073 1.05x 1073 1.05x 1073
Cyp,m 1.65x 1072 1.626 x 1072 1.63x 1072
Wy, m 2.5% 1072 2.28 x 1072 2.28 x 1072
l 3.9x 1073 3.66 x 1073 3.67x 1073

Fig. 17 Interaction constraints on the
sample system design.

impedance of the filter and the input impedance of the converter,
as was the case when they were designed independently. Because a
sufficient condition for stability is to ensure a minimum separation
between the two impedances, the constraintson the minimum input
impedance of the converter Z; 3 and the maximum outputimpedance
of the filter Z,r are replaced by a single constraint that imposes a
lower bound on the difference between the two, as shown in Fig. 17.
The interaction constraints used for the current example are

min{|Z;p (jo)|] — max[|Z,r (jo)|]> 15 dB €29)

The 15-dB separation used in the first constraintis consistent with
the constraints used for the individually optimized designs (19) and
(25) presented earlier. All other constraintsare directly carried over
from the optimization formulations of the input filter and the buck
converter.

2) The constrainton the transientexcursionson the output voltage
of the input filter and the input voltage of the converter are replaced
by a single constraint on the maximum excursion of the interface
voltage vg, vp <20 V.

3) The objective function s the total weight of the input filter and
converter.

B. Optimization Results

Converged optimal designs were obtained in approximately 1400
function evaluations, where a single function evaluation again in-
cludes both a time-domain simulation and frequency-domaincom-
putations. The optimizationswere achievedin approximately 90 min
on a 500-MHz Pentium III personal computer.

The physical variables associated with the inductors in the sam-
ple system are given in Table 10. Component values and objective
functions are given in Table 11. The important responses are listed
in Table 12. The active constraints for the filter in this optimiza-
tion run were all of the physical constraints on the design of the
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inductors, the lower-bound constraint on the input impedance, the
upper-bound stopband constraint, and the upper-bound constraint
on the passband. The active constraints on the converter were the
physical constraints on the inductor design and the upper bound on
the voltage variation at the output due to a load disturbance.

The filter design obtained from the combined problem is 5%
lighter than that obtained from the individual optimization, whereas
the converter design obtained for the combined optimization prob-
lem is almost identical to that obtained independently. Differences

Table 11 Component values and objective function
for the sample system

lL2 1t

in the combined designs and the independently obtained designs
arise because the interconnection of two subsystems creates a feed-
back loop where a change in the source subsystem causes a change
in the load subsystem and vice versa. When the optimization was
performedon theintegratedsample system as a whole, the optimizer
was able to take advantage of the interaction between the filter and
converter and reduce the overall system weight.

When the input filter was optimized individually, the load dis-
turbance was represented by a pulse current load similar to that at
the output of the converter, except that it was scaled by its duty

Table 12 Response quantities of integrated optimization

Response quantity Value
Input filter
Minimum input impedance 3.00dB
Maximum output impedance 9.3382dB?
Passband maximum 3.36dB
Passband minimum 4.87x 107° dB
Stopband maximum —60dB
Buck converter
Phase margin 69.57°
Gain margin 37.18dB
Minimum input impedance 33.72dB?*
Maximum output impedance 1.25dB
Audiosusceptibility —55.98dB
Peak output voltage 22.59V
Interface quantities
Impedance difference 24.378 dB
Peak interface voltage 11.81V

“These responses were not constrained while performing the integrated opti-
mization. They are shown here for the sake of completeness.

| |

2F i

0.02 0.021 0.022 0.023 0.024 ¢

b)ir2

Fig. 18 Filter inductor currents with (——-) and without (——) buck converter.

Individual Integrated
Variables Nominal  optimization  optimization
Filter
Ly, uH 80 26.49 26.531
L, uH 300 296.77 283.84
Ly, uH 21.5 22.29 22.045
Cy, uF 5 7.19 7.21
Cy, uF 18.8 27.70 27.86
Ry, Q2 3 223 2.27
Weight, kg 0.5279 0.3692 0.3495
Buck converter
L, uH 400 419.75 419.75
C, uF 82 46.88 46.904
ho 1 0.881 0.880
w-, rad/s 100 420.14 420.12
wp, rad/s 40000 54983 54998.2
hip 1 0.998 0.998
hij 100 100 100
fs, kHz 100 100 100
Weight, kg 1.5637 1.5072 1.5072
0.02 0.0202 0.0204 0.0206 0.0208
a)in
120t 1
1151 1
110+ 1
vU
105 ¢ 1
100 1
0.005 0.01 0.015 0.02 t
a)

122.6

122.55
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122.4 1
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Fig. 19 Converter output voltage in sample system with individually optimized converter design (——) and converter design obtained from optimized

sample system (——-) (b) is enlargement of the peak in (a).
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cycle. When the converter and the filter are optimized together, the
load disturbance at the output of the filter (and, hence, at the in-
put of the converter) is filtered by the presence of the converter.
Hence, the transient peak currents flowing into the inductors of
the filter are less than those that were present when the filter was
optimized individually. This is illustrated in Fig. 18, where the tran-
sient responses of the filter inductor current i, |, with and without
the buck converter, are shown. Because the peak currents flowing
into the filter inductors are lower when the converteris taken into
account, smaller inductors can be used. This results in a lower
weight filter.

Simulation results of the sample system with the converterdesign
obtained from the individualand integrated optimizationsare shown
inFig. 19.1tcanbe seenfromFig. 19 thatthe outputvoltage variation
of the buck converter in the optimized sample system is higher than
that of the individually optimized converter. The optimizerincreases
the capacitanceslightly (Table 9) at the output of the buck converter
to allow a larger voltage variation. This change allows a larger por-
tion of the transient current to flow into the output capacitance of
the buck converter than propagate to the filter. This enables the filter
weight to be decreased. The optimizer was, therefore, able to take
advantage of the system interactions and the more accurate repre-
sentationsof the load disturbancesand voltage variationsto arrive at
an improved (lower weight) design for the combined filter/converter
sample system.

V1. Conclusions

In this paper, we considered the problem of formulating a math-
ematical optimization problem for the weight minimization of an
aircraft power distribution system. The approach is to develop a
mathematical optimization problem for the various components of
the power distribution system in such a way that these component
problemscanbeeasilyintegratedinto a larger optimization problem.
This concept is demonstrated on a simple interconnected system
consisting of an input filter and a regulated dc—dc buck converter.
First, an optimization problemis developedfor the filter and the con-
verter separately,and itis shown thatreasonableresultsare obtained.
Next, an optimization problem is developed for the interconnected
system using the optimization formulations of the two subsystems.
It was shown that optimizing the sample system as a whole resulted
in a lesser weight because the optimizer was able to account for the
interactions between the interconnected subsystems.

The use of optimization methodologies may potentially al-
low designers to obtain minimum weight designs in a much

shorter design cycle time than is required using traditional design
techniques.
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