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Integrated flight/propulsion optimal
control for DPC aircraft based on the
GA-RPS algorithm

Jing Zhang, Wenwen Kang, Ang Li and Lingyu Yang

Abstract

The new distributed propulsion configuration (DPC) can effectively improve fuel efficiency and reduce pollution, but also
brings in special cross-coupling effects between the flight and propulsion systems. To tackle this problem, integrated
flight/propulsion modeling and optimal control of DPC with boundary layer ingestion (BLI) and supercirculation features
are systematically investigated. As the basis, by taking the inherent BLI and supercirculation features into consideration,
an integrated flight/propulsion model of SAX-40 is built to reflect the actual complex engine-aircraft coupling effects.
Then an integrated flight/propulsion optimal control scheme is proposed to deal with the strong coupling effects and to
implement the comprehensive control of redundant control surfaces as well as the distributed engines. Under this
scheme, a detailed description of the optimal control problem is presented, and a novel two-stage optimization algorithm
named genetic algorithm-random pattern search (GA-RPS) is proposed to solve this complex optimal problem. By the
new strategies of “parallel genetic algorithm computing in sub-regions” and “random pattern search” in the GA-RPS
algorithm, the optimization accuracy and convergence speed are effectively improved. Simulation results demonstrate
the effectiveness of the GA-RPS algorithm and the significant performance improvement to DPC by optimization.
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Introduction

Conventional transport aircraft usually use the con-
figuration of a tube-shaped fuselage and independ-
ently assembled wings, and this brings in a serious
bottleneck when the aircraft’s performance is to be
improved. Moreover, environmental requirements
for greener aviation lead to the innovative design of
new aircraft. Distributed propulsion configuration
(DPC) is a new integrated design provided for large
airliners. This new configuration can effectively
improve fuel efficiency, and reduce pollution and
noise emission simultaneously. Undoubtedly, DPC
has become the most promising development trend
in commercial aviation."? DPC is composed of a
blended wing body (BWB) layout and a distributed
propulsion system (DPS). Its primary features
include: (1) the semi-embedded inlets formed along
the rear edge of the fuselage can ingest the boundary
layer on the upper surface; (2) two-dimensional noz-
zles are installed to fulfill the thrust-vector
technology.

Due to the integration of the BWB layout and the
DPS in DPC, two new aerodynamic effects are intro-
duced, namely boundary layer ingestion (BLI) and

supercirculation. These two effects can improve the
aerodynamic characteristics of DPC aircraft directly,
but it also means that the propulsion system produces
more complicated influences on the aerodynamic
characteristics, resulting in an increased coupling
effect between the engines and the aircraft. Due to
this coupling effect, integrated flight/propulsion con-
trol technology is strongly demanded. Integrated
flight/propulsion control (IFPC) can take the two
new aerodynamic features into consideration, and
implement integrated synchronous control of redun-
dant control surfaces and the distributed engines.
Considering the strong engine-aircraft coupling
effect, IFPC is the only approach to achieve effective
control of DPC aircraft and consequently improve the
general aircraft performance.

School of Automation Science and Electrical Engineering, Beijing
University of Aeronautics and Astronautics, China

Corresponding author:

Jing Zhang, School of Automation Science and Electrical Engineering,
Beijing University of Aeronautics and Astronautics, The New Main
Building E602, No.37, Xueyuan Road, Haidian District, Beijing 100191,
China.

Email: zhangjing2013@buaa.edu.cn

Downloaded from pig.sagepub.com by guest on December 30, 2015


http://pig.sagepub.com/

158

Proc IMechE Part G: | Aerospace Engineering 230(1)

For the novel DPC configuration, current scien-
tific researches usually focus on the different integra-
tion designs and the corresponding BLI or
supercirculation effects. NASA proposed a new
“N+3 configuration in the final report by the
Boeing subsonic ultra-green aircraft research team,
in which significant improvements in aerodynamics,
propulsion, and structures were pointed.® Kim and
Liou* presented a flow simulation of an N3-X hybrid
wing-body configuration, and the studies showed
that the N3-X hybrid wing-body aircraft with turbo-
electric distributed propulsion system could meet the
environmental and performance goals of the N+3
generation transports. Another typical configuration
is the “‘silent aircraft” proposed by Cambridge
University and MIT. Related researches were pur-
sued, including the design approaches, the multidis-
ciplinary design and optimization procedures, the
assessment of the available technologies, perform-
ance demonstration, etc.’ ' Novel conceptual
designs of an aircraft named SAX-40 with a calcu-
lated noise level of 62 dBA and high-fidelity simula-
tions were discussed by Hileman.'' Based on the
above two configurations, extensive researches on
DPC have been carried out to demonstrate the
advanced designs, performance improvement, practi-
cality, and potentiality of the distributed propulsion
system.'>?® As the important feature of DPC, BLI
effect and the aerodynamic performance of a propul-
sion system were investigated by Plas.”” A quantita-
tive experiment on the “silent aircraft” showed that
fuel consumption can be reduced by 3.8% due to the
BLI effect. A conceptual design study to investigate
the potential benefit of BLI with respect to the
number of engines was conducted by Kok et al..*
who found that it may be better to focus on a small
number of BLI engines since they do not suffer from
high internal losses. Furthermore, researches were
also carried out in other BLI research field, including
the impact assessment of BLI on the engine’s per-
formance, inlet and nacelle design featuring BLI, and
flow control in the inlet to decrease the adverse
impact of BLI.*'37 For the supercirculation effect,
Capone®® investigated the supercirculation effects
induced by vectoring a partial-span rectangular jet.
Besides, based on the NASA Langley national tran-
sonic facility semi-span FAST-MAC model, a circu-
lation control flow scheme was developed by Jones
and Miholen,* who also discussed the pneumatic
flap performance for a two-dimensional circulation
control airfoil.*’

From the existing researches in this field, it can be
observed that DPC designs and inherent BLI/ super-
circulation features have become the main research
area recently. However, as the most important char-
acteristics of DPC aircraft, the complex coupling
between the flight and propulsion systems is scarcely
treated. Aiming at this problem, this article discusses
the integrated flight/propulsion modeling and optimal

control methods of DPC aircraft featuring BLI and
supercirculation for the first time.

To conduct IFPC researches on DPC aircraft, a
specific DPC aircraft SAX-40 is selected as the
object. First, based on the BLI and supercirculation
features calculated by computational fluid dynamics
(CFD), an integrated flight/propulsion model is built
to reflect the actual behavior of the whole system.
Then, in consideration of the coupling characteristics
and redundant control variables of the flight/propul-
sion system, an integrated flight/propulsion optimal
control scheme is proposed, which can deal with the
strong coupling effects effectively and implement com-
prehensive control of SAX-40. According to the
scheme, a mathematical description of the optimiza-
tion problem is presented to reduce the energy con-
sumption during flight, then a new two-stage
optimization method based on genetic algorithm
and random pattern search (GA-RPS) is proposed
to cope with the sharply increased number of opti-
mization variables and constraints.

Modeling of integrated flight/propulsion
system with BLI and supercirculation
effects

SAX-40 is a prominent achievement of the Silent
Aircraft Initiative program conducted by Cambridge
University and MIT. The fuselage of SAX-40 is gen-
erated by stacked airfoils, and both the wings and
center body can generate lift. As a consequence, the
lift coefficient can be raised tremendously. SAX-40
has three sets of engines, and the control parameters
of each set can be adjusted individually. Each set has
three tunnels, with a turbofan in each tunnel provid-
ing the main thrust.®’

The primary features of SAX-40 are: (1) The main
control surfaces include the smoothly deflected lead-
ing-edge, three sets of hinged non-retractable flaps
installed along each wing’s rear-edge, and one set of
rudders installed on the winglet. (2) Due to the semi-
embedded inlets and the two-dimensional nozzles,
BLI and supercirculation effects are certainly intro-
duced. These two effects mainly influence the flight
states and the control parameters of the distributed
engines.

As analyzed above, the integrated flight/propulsion
model (IFPM) of SAX-40 is built as in Figure 1.
Flight states include airspeed, altitude and angle of
attack. Propulsion’s control variables include the
pressure ratio of the turbofan, the ngzzlg exit area,
and deflecting angles of the thrust. F, M represent
the total force and moment.

As shown in Figure 1, according to the BLI and
supercirculation effects, control variables of the pro-
pulsion system can likely affect the aerodynamic char-
acteristics, and generate direct control forces and
moments through thrust vector simultaneously.
Compared to the conventional configuration, the
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Figure |. Integrated flight/propulsion model of SAX-40.
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Figure 2. Sections arrangement on SAX-40.

interaction between flight and propulsion is more
complicated on DPC aircraft.

The detailed modeling process of IFPM is shown
as follows.

The aerodynamic model

According to the fundamental features of SAX-40, a
stacked slices method is applied to build the quasi-3D
model in this article. The advantages include: (1) BLI
and supercirculation effects mainly act on the longi-
tudinal axis, and the section models captured along
the longitudinal axis can reflect these two effects
authentically. (2) The section models consume less
computational resources and, thus, more regularities
of BLI and supercirculation effects can be obtained by
different computations.

The arrangement of the sections on SAX-40 is
shown in Figure 2. Each section represents an adja-
cent slice of the fuseclage.

As BLI and supercirculation effects mainly act on
the area before the inlets, the typical section 7 is
selected as the primary section. The influence of BLI
and supercirculation effects can be simulated by chan-
ging the section parameters (7o, Por,¢mp;) and
(Tg, Pg, Vg), which can be obtained by the DPS
model. 7, P, V,q, represent static temperature, static

pressure, velocity, and flow rate parameters in the
engines respectively. Subscripts “01”” and ““8” repre-
sent engine’s inlet and nozzle exit, respectively.
Based on the section arrangement of SAX-40, these
sections can be separated into three categories, includ-
ing clean airfoils, airfoils with the flap, and airfoils
with the engine. Using the CFD method, the aero-
dynamic parameters of these airfoils can be obtained:

(a) The main influence factors on clean airfoils are
the flight states, including the altitude H, the
mach number Ma, the angle of attack «, and the
pitching rate q.

(b) The main influence factors on airfoils with the flap
also include the deflecting angle of the control
surface §,.

(¢) For the airfoils with the engine, apart from the
basic flight states, the influence factors also
include the control parameters of the engines,
such as the pressure ratio of the turbofan =},
the nozzle exit area 4g , and the deflecting angle
of the thrust ay.

After the aerodynamic data of all sections are
obtained, the quasi-3D aerodynamic model of SAX-
40 is built as follows

3
C = Cl_clean(a) + Z Cli[)ps(aa T, n]tiz AS:’)
i=1

=

6 .
+ 3 g (@8,) + (@)
J=1

3
Cd - Cd_clean(a) + Z Cdl_DPS(“’ oTi, nlti’ Agi)
i=1

=

6
+3 ¢l g (oz, 3(_,_,) +Cay@)
J=1

3
Co = Con_clean(c) + Z le_DPS (Ola o, n}tp A8i)
i=1
6 .
+ 3 Col o (2:8,) + Con () (1)

=1
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where Cj, C4, C,, represent the lift, drag, and pitch
moment coefficients, respectively. C;_ .., Tepresents
the lift coefficient from clean airfoils, including sec-
tions 4, 11, 13, and 32. C// ps represents the lift coef-
ficient from airfoils with the engine, including sections
0, 7, and 7. BLI and supercirculation effects are
reflected in this coefficient. C/ ,,, represents the lift
coefficient from airfoils with the flap, including sec-
tions 17, 23, 29, 17/, 23/, and 29'. C,, represents the
lift coefficient induced by ¢. Superscripts i and j rep-
resent the index of the engine and flap respectively.
The compositions of C; and C,, are similar.

Due to the introduction of BLI and supercircula-
tion effects, C/' pg is more complicated, which can be
described as

C/i_DPS(aa a1, T[ija Agi)
= Cro(o, ari) + AC;_pr(m, Asi)
+AC_y,(V3) + ACy_,,, (nBrr, ar) (2

where C;_, represents the basic lift coefficient. AC; p;;
and ACj_y, represent the lift increments generated by
the BLI and jet inducing effects, and ACy_,,, , repre-
sents the increment from the interaction between BLI
and supercirculation. Vg and ng,; are the jet velocity
and the BLI intensity respectively , which satisfy

Vg = Vg (TL’Z, Ag)

neLr = npLi(Ty, As)

)

The aerodynamic model shown in equations (1)
and (2) can actually reflect the engine-aircraft cou-
pling features of DPC aircraft, including the BLI
and supercirculation effects.

The DPS model

As mentioned above, SAX-40 has three sets of
engines. For one set, each tunnel of DPS consists of
three primary parts, including the inlet, turbofan, and
nozzle. In addition, there is a core engine providing
the necessary power for all the three turbofans. The
components in each set of DPS are shown in Figure 3.

As shown in Figure 3, “0” represents the entrance
of the selected analysis region, which is located in the
undisturbed airflow far ahead. “01” represents the
entrance of the inlet. The area between “0” and
“01” is named pre-compression segment. 1’ and
“2” represent the front and rear section of the fan,
respectively. The inlet is located between “01” and
“1”. The turbofan is located between “1” and “2”.
<8” represents the exit of the nozzle, and the nozzle is
located between “2” and “8”.

The DPS model is built based on the inherent char-
acteristics of all components, and the detailed model-
ing process of each tunnel is described as follows.

(a) Characteristic equations of components

=

Turbo Shaft Engine

or Electric Motor

Figure 3. lllustrations of components in each set of engines.

The following assumptions on the thermodynamic
process of each component are made: (1) The pre-
compression segment is an adiabatic process, which
means the total temperature and the total pressure
in this segment are invariant. (2) There is a loss of
total pressure in the inlet. (3) The fan is the main
power-consuming component in each tunnel, and its
pressure ratio is the main control parameter of the
engine. (4) The nozzle is a convergent tube, and
there is also a loss in the total pressure.

Based on the analysis of the thermodynamic pro-
cess, characteristic equations of the components can
be summarized as:

i. Pre-compression segment: Pj, = P;, 15, = T
ii. Inlet: P} =07 % Py, TT = T, i

ii. Fan: Py =aix P, T5 =T} * (n,’;) ¥

iv. Nozzle: P{ = o, x P5,T§ = T;

where P*, T* are the total pressure and the total tem-
perature, respectively. The numbers in the subscripts
represent the corresponding sections in Figure 3. oy, 0,
are the total pressure recovery coefficients of the inlet
and the nozzle, respectively. y is the specific heat ratio.

(b) Supplementary equations

The air mass flow rate at the inlet and outlet of
each tunnel is invariant, and it can be described as

Pjy o+ Aoy * g(Ao1) _ KP§ * Ag * q(4g)

15 VT§

qm = K (4)
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where K is the flow coefficient, and K = /% (%)H. R
. Y o
is the gas constant. A, refers to the cross section of =
the engine inlet. g(1) represents the flow function, V Y Fommmmmmmmmmsoey '
which is defined as u E ' z — U
e Boundary layer } O —
, ! # [ \\.:7 A:]\l_.,
y+ 1\ y—1,\" N = A G .. SRR — 4
gy =1——) H1-"—"=1 (5) o
2 y+1

where 4 is the velocity coefficient.

Furthermore, the compressed air at Ag should be
checked whether it fully expands, and the correspond-
ing expressions satisfy

P
qUs) =1 Ps=——m— < fo
o.fo T x Py
’, (6)
Ps=Py Bs=——"—""—"—>fB;

ooy x P

where P is the static pressure, B, 1is ythe critical

. 7
pressure ratio of nozzle, and B, = (ﬁ)y )

(¢) Thrust and power consumption

Based on the above characteristic and supplemen-
tary conditions, the thrust F and the power consump-
tion P,. of each tunnel can be obtained

{ F = qu*(Vs — Vo) + Ag™(Ps — Po) ™

P, = qm()*wk

where V), ¢,,0 represent the air velocity and mass flow
rate at section “0”’. w; means the power consumption
with unit air mass flow rate, and it satisfies

4 W5 x
we= TR Ty [(nk) 7 1]/77k )

where n; represents the efficiency of power
transmission.

By synthesizing the feature equations for the com-
ponents in all tunnels, a complete DPS model can be
obtained. This model describes the relationships
among the flight states (H,Ma), the control param-
eters (7}, 4s;,i = 1,2,3), and the output variables of
the propulsion system, i.e. the section parameters, the
total thrust, the total power consumption, and the
BLI intensity.

In this paper, the BLI intensity np;; is defined as

—_— Ao _ qto1)
Aot q(4)

©)

where A refers to a cross section far ahead perpen-
dicular to the air flow velocity with the same mass
flow rate as Ay, as shown in Figure 4.

Figure 4. lllustrations of the BLI intensity.

Based on the above model, by combining all the
three tunnels, the total direct forces and moment can
be derived as

Ly = Tx*sin(a + ar)
Ty = T*cos(a + ar) (10)
My = Tx*sin(ay) * L1 + T * cos(ar) * L,

where 7 represents the engine’s thrust of each set, and
Lr, Ty, M7 are the direct lift, the remained thrust, and
the direct pitch moment respectively. An illustration
of the relationships between 7T and Ly, Ty,M7p are
shown in Figure 5.

Models integration

By synthesizing the aerodynamic force/moment
(F4,M ) generated by the aerodynamic model and
the direct force/moment (Fr,M7) generated by the
DPS model, the resultant force/moment of SAX-40
can be described as

F=F,+F
AT (11)
M=M,+ My

The projection of the IFPM’s outputs in the vel-
ocity axis is shown in Figure 6.

Then, by taking the gravity Ginto consideration,
the net lift Lg, thrust 7x , and moment My of
SAX-40 can be described as follows

Lr=L,+Lyr—G=Lg(a,7};, A1, 011, ..., 81, -..,)

Tr=Ty—D4=Tr(e, 7}, Ag1, 071, ., 8c15--.,)

Mr=M,+Mr=Mpg(a, 7}, Ay, 011, ..., 815 -5)
(12)

The scheme of IFPOC

For DPC aircraft, BLI and supercirculation effects
can significantly change the aerodynamic characteris-
tics, and the intensity of the two effects directly
depends on the engine control parameters. This cou-
pling effect makes the relationship between the flight
and the propulsion systems more complex than con-
ventional aircraft. Additionally, the increased number
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Horizon

Figure 5. Direct forces and moment.

Figure 6. Projection of the IFPM’s output. Ly, Ma, Dp repre-
sent the aerodynamic lift, moment, and drag, respectively.

of control parameters from the DPS and the flight
control system may lead to further redundancy of
control mechanisms. Facing these problems, the
design strategy of integrated flight/propulsion optimal
control, namely IFPOC, should be introduced for
more effective control.

The overall structure of IFPOC is shown in
Figure 7.

As shown in Figure 7, the whole scheme can be
divided into four main parts: IFPM, the general and
specific descriptions of the optimal control problem,
and the optimization procedure.

IFPM includes the aerodynamics and the distribu-
ted propulsion models, and reflects the internal
engine-aircraft coupling effects. For the distributed
propulsion system, the main influences from the aero-
dynamic module are the different flight states, which
can greatly change the propulsion’s work condition.
The primary flight states include the altitude, the
Mach number, the pitch angle, etc. On the other
hand, by ingesting the boundary layer flow on the
upper fuselage surface into engine inlets, as well as
two dimensional nozzles featuring the intense super-
circulation around the middle of fuselage, distributed
propulsion system can significantly improve the aero-
dynamic performance.

Based on IFPM, the general optimal control prob-
lem can be described for the particular optimization

objective, such as the minimum energy consumption
during flight. Consequently the specific optimal con-
trol problem can be derived according to the current
flight condition. Finally, in accordance with the spe-
cific optimal control problem, control variables can be
determined by the optimization procedure, and these
commands will be sent to SAX-40’s control surfaces
and distributed engines to achieve optimal flight
performance.

Design of IFPOC based on IFPM

A. Description of the general optimal control problem

In this paper, the required power Pg of SAX-40 is
selected as the optimization objective. This parameter
represents the amount of energy consuming during
flight, and consequently it has a direct link to fuel
consumption and also represents the economy index
during flight.

Then the general optimal control problem is
described as follows

: *
min PR(Ol,T[kl,Agl,O{T],...,5@1,...,)

*
s.1. LR(Ol,JTkl,Agl,Olﬂ,...,8(,1,...,) Lg.
k
TR(aonklaASIaaTla-”98619'”7) = TRL‘
*
MR(asﬂklsAglaaTb-'-a8815~--a) :MRC

o < o< 13
o (a3

T < Tj < Ty

Agy < Agi < Ag,

oar <o < oy

RS (Sej < Bey

i=1,23, j=1,....6

where Lge, Tre, Mg represent the net force and
moment commands. «;, «, represent the lower and
upper bounds of & respectively, and similar notations
also apply to 7}, As;, a7y, and &,;.

The optimization variables include the angle of
attack «, control parameters of engines (7};,4g;.a7;),
and deflection angles of flaps §,;. Constraints include
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Figure 7. The scheme of IFPOC.

the equations of net force/moment and the feasible
regions of all the optimization variables.

As described above, the general optimal control
problem is a multi-constraints and multivariate opti-
mization problem with strong nonlinearity. For this
problem, traditional constrained optimization algo-
rithms such as the penalty function method and the
sequential quadratic programming method are not
applicable. The reasons are: (1) These methods
require the objective function PR(oz, . Asy,
A7l »01,...,) to have an explicit form. But due
to the complexity of integrated flight/propulsion
model, an explicit form may not be obtained with
high accuracy. (2) The initial values may likely have
a direct influence on the optimization results of these
methods.

Genetic algorithm (GA) is an effective method for
complicated optimization problems, and has drawn
much attention recently. It provides a possibility to
solve the complex optimization problem in this article.
The advantages of GA include: (1) It operates directly
on the objective function itself and explicit gradient is
not required. (2) GA has a strong flexibility for differ-
ent optimization problems. (3) Capability of parallel
computing and the excellent ability of global opti-
mization make GA the potential candidate for com-
plicated nonconvex problems with large number of
optimization variables. Because of these features,
GA is an appropriate method to solve the optimiza-
tion problem in equation (13). However, if the con-
straints are extremely strong, such as equality
constraints, GA would soon encounter premature
convergence, especially in highly nonlinear problems.
Under the premature situation, GA will lose the abil-
ity of global optimization rapidly. Due to this

disadvantage, the traditional GA method should be
further improved for the optimization problem
discussed.

B. A new GA-RPS algorithm

According to the primary advantages of GA, initial
feasible solutions that satisfy the strict constraints can
be found by GA rapidly. Then considering that the
pattern search algorithm has strong searching ability
for nonlinear problems, the optimal solution can be
obtained exactly and quickly. The combination of GA
and pattern search algorithm can effectively overcome
the drawback of GA’s premature convergence, and
achieve improved accuracy and convergence speed.

Additionally, to overcome the premature conver-
gence and maintain the gene diversity, some improve-
ments are also introduced to GA: (1) Global mutation
operation is applied to the DNA of best adaptive
ones. (2) The way of chromosome chiasmata is heur-
istic to guarantee that the offspring has opportunities
to get rid of the suppression from parental generation.

Therefore, a new two-stage optimization algorithm
based on improved GA and random pattern search
(RPS) is proposed, namely GA-RPS.

An illustration of GA-RPS is shown in Figure 8.

The first stage is parallel GA computing in sub-
regions. According to the optimization objective Pg,
the control vector is partitioned into n small sub-
regions first. In each sub-region, a feasible solution
Uitk =1,...,n) is obtained by the improved GA
algorithm and the corresponding required power
P can be computed. By ranking all the solutions
Ui,..., U, the best feasible solution U,, can be
picked out. This feasible solution U,, is located in
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First stage

(Comparison

Second stage %

Figure 8. lllustration of the GA-RPS algorithm.

the neighborhood of the global optimal solution and
considered as the initial value for the second stage.
For example, as shown in Figure 8, the feasible solu-
tions in different sub-regions are computed by the
improved GA as Nos. 1-9, and U, in sub-region 1 is
selected as U, since it is closest to the global optimal
solution.

By the strategy of parallel GA computing in sub-
regions, an optimal feasible solution in the large
optimization region can be found effectively, which
guarantees the feasible solution to be placed near
the global optimal point.

The second stage is random pattern search. To
tackle the problem of explosive growth of search dir-
ections in fixed pattern search, a random pattern
search strategy is proposed. This strategy can effect-
ively reduce search directions and increase the prob-
ability of finding a feasible direction simultaneously.
Uniformly distributed random numbers are utilized to
generate unit search directions with uniform orienta-
tions. By the random strategy, the convergence speed
can be improved obviously.

The detailed process of GA-RPS is described as the
following steps:

The first stage: Parallel GA computing in sub-regions

(a) According to the current flight condition, the fea-
sible regions of the control parameters are deter-
mined first, such as n; € (7}, 7},), Asi€
(Ag;, Ag,), i=1,2,3. For one set of engines, the
ranges of m}; and As; can be divided into n;; and
ny; parts respectively. As a consequence, the
whole feasible region 1is partitioned into
N = ]_[?:1 ny;*ny; sub-regions.

(b) Parallel GA computing is conducted in each sub-
region. For sub-region p (p = 1, ..., N), according
to the sets of optimization variables, the real-coded
method is utilized and DNA is assembled by all the
variables directly, as

DNA:[Ol,ﬂ’zl,Agl,OlTl,...,861,...,] (14)

(c) Merge the optimization objective and constraints
into a fitness function

max adaptValue
B 104
| Pr/sPr+1(Lg — Lro)/sLil
+{(Tr — Tre)/STR) + (Mg — Mp.)/sMg]*

where sPr represents the magnitude of Pg, and
other variables are described similarly. The fitness
function takes three aspects into consideration: (1)
sPr works as a scaling factor, such that the objec-
tive and constraints are converted into the same
magnitude to ensure an equal level of impact. (2)
All the net forces/moments are converted to be
positive. (3) sLg,sTr,sMy can be adjusted adap-
tively to enhance the influence of constraints.

(d) Uniform random numbers are used to initialize the
population G° = {DNA,,DNA,,...,}, and the
initialization results are generated and distributed
in the current optimization region.

(e) For generation k, evaluate and rank the DNAs in
the current population G* = {DNA]f,DNAlz‘, .
with the fitness function.

(f) According to the variation range Ran® and the
average value Ave® of the quasi-optimal values in
recent three generations G2, G*',G* (k>2),
judge if the GA computing has converged or not.

If 8 = Ran*/ AveF < ¢, it means GA has con-
verged. The optimal individual DNA’;IH in G* can
be picked out, and consequently the feasible solu-
tion DNAj,, = DNA}, that satisfies the con-
straints is gained. Then GA computing in the
current sub-region has ended.

If 8¢ = Ran*/Ave* > ¢, it means GA computing
has not converged, and the iteration continues.
(g) Conduct genetic operations on G* to generate

G**! including three operations:

i. The optimal part of DNAs in G* is
reserved directly, and the global mutation is
utilized as

DNA' = DNA,y; + Apya (15)
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where DNA' represents the updated individual

after mutation, and DNA,,; represents the original

one. Apy4represents the random global mutation.

The extent of 4py,4 should be proper to maintain

the optimality and gene diversity.

After this genetic operation, the DNAs obtained
are described as Gy,

ii. To overcome the premature convergence issue, a
heuristic arithmetic crossover operator is

applied
Chi = j,,* Par, + (1 — J,,)* Par; (16)

where 2, € (—0.2,1.2) is a random number. Par;

and Par, represent the two parent DNAs, and Chi

represents the new DNA generated by the two

typical parent DNAs.

After this genetic operation, the DNAs obtained
are described as Gﬁ;ﬂz

iii. Random mutation occurs on the single
point of partial DNAs to ensure the diversity
in the following generation. After this genetic

operation, the DNAs obtained are described

k+1
as @ part3*
Then
k41 k41 k41 k41
G Gpm rt] Gpm 12 Gpal t3 ( 1 7)

(h) After G*!' is generated, go to step (¢) and
continue.

(i) After GA computing has completed in the N sub-
regions, N feasible solutions can be acquired

b = [DNAj,,..... DNA}, | (18)

And the required power corresponding to each fea-
sible solution can be computed. U,,, with the lowest
required power is pick out as the sub-optimal solu-
tion, which is also used as the initial value for the
second stage optimization.

The second stage: Random pattern search

(a) Based on the initial value U° = U, a basic step
length 2° for search is selected empirically, which
needs to guarantee the effectiveness of the first
iteration and also avoid falling into the fake local
optimal solution.

(b) For iteration k, determine the search pattern at the
current feasible solution U*. M unit search direc-
tions are generated by uniform random numbers,
described as

= {Dir}, ..., Diry} (19)

Among them

Dir’* = DX

temp_. l temp_i

‘ D

.

Dlt;mp = [Aot, ATL’kl, AA8, Aary, ..., A1, .. .,]
(20)

These directions Dir* have homogeneous orienta-
tions in the optimization region.

(¢) Probe at U* with the basic step length /% = ° and
the direction Dirf, then U™ can be computed as:

UV = U* + /¥ Dir* 1)

Compute the required power P&t at U and
judge the contribution of directions ¥¥ on minimizing
the optimization objective. The reduction in the
required power AP}, is described as

APY, = P — PRV (i=1,...,M) (22)

where P% is the required power corresponding to U
Choose the direction which maximizes APk, as the
optimal search direction Dtr()pl, and continue.
If the optimal search direction in current search
pattern does not exist, the step length will be further

reduced as
K=y )k (23)

where v is a scaling factor that satisfies v < 1. Take /*
as the step length and iterate this step until the opti-
mal direction is found or /% decreases enough to
satisfy the convergence condition

K<y (24)

v

If the convergence condition is satisfied, the second
optimization stage is completed and U* is the global
optimal solution U .

(d) Based on the optimal search direction Dtr , in
step (c), increase the step length A* at Dtrop,

/1 _ M* 1k
k k
Uﬁ = U + Dir* * A,

opt

(25)

where u is an enlarged scaling factor that satisfies
w > 1. Iterate this step until the required power
reaches the minimum value, then the feasible solu-
tion U*'can be obtained.

(e) Use U'! as the new initial value, and go to step
(b) for another iteration.

The combination of parallel GA computing in sub-
regions and random pattern search is appropriate as it
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gives full play to the primary advantages of these two
algorithms: (1) RPS is highly effective for local search
in a relative small region, and the strategy of parallel
GA computing in sub-regions reasonably restricts the
search area. (2) RPS needs a feasible initial solution,
and the optimization in the first stage by the GA
algorithm can just provide it.

Simulation and analysis

A. BLI and supercirculation effects

For BLI and supercirculation effects, the typical
section 7 in Figure 2 is selected as the analysis area.
Simulations are carried out under the condition
H=10,000m, Ma=0.6. Figure 9 shows the velocity
and pressure nephograms of section ““7” with clean
airfoil and BLI effect.

As can be seen, the flow velocity on the upper
surface of the airfoil is obviously raised with BLI
effect, and consequently the static pressure on the
upper surface decreases apparently. On the con-
trary, the static pressure of under surface
increases distinctly. Compared to the clean airfoil,
it can be deduced that the lift coefficient C;
increases and the aerodynamic characteristics is
improved.

Under the same condition H=10,000m, Ma=0.6,
the jet velocity Vg=285.3m/s and the angle of attack
a = 0°, the velocity nephograms under different thrust’s
deflection angles —7°, 0° are shown in Figure 10.

An obvious phenomenon is that when the thrust
deflects downward, the inducing effect on the upper
surface flow field is strong. When the thrust’s deflec-
tion angle oy = 0°, the lift coefficient C; is 0.403.
In comparison, the corresponding C; is 0.651 as
ar = —7°. This means that the supercirculation
effect induced by thrust vector can certainly improve
C}, and it has a great potential to make a lift augmen-
tation system.

B. Comparisons of GA-RPS and GA methods

Simulations are carried out under a typical cruise con-
dition H=10,000m, Ma=0.6, and the net forces and
moments of SAX-40 are all zero. Consequently, the right
hand sides of the equality constraints in equation (13) are
Lre=0N,Tg =0N, Mg, =0 Nm.

To reduce the number of optimization variables,
some limitations are imposed to IFPM in the simula-
tions, including:

(a) All the three sets of engines use the same control
parameters 77, Ag, ar.

il =

HUTTEHIH

Figure 9. (a) Velocity and (b) pressure nephograms of BLI effect.

Figure 10. Velocity nephograms of supercirculation effect: (a) ar = —7°; (b) oy = 0°.
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(b) All the three sets of flaps deflect synchronously, The fitness function can be  adjusted
which means that all the flaps have the same correspondingly
deflecting angle 8,1 = 8.1 = -+ - = Je6.
max  adaptValue
The optimal control problem is simplified under 10*

these limitations. Then, the specific optimal control
problem for the cruise condition can be described as
min  Pg(e, 7}, Ag, o, 8e)
s.t. Lg(a, 7, As,ar,8.) =0
Tg(o, 75, As, o, 8.) =0
MR(a, my, As, ar, 86) =0

 Pr/sPr+ (Lr/SLx)’ + (Tr/sTr) + (Mg/sMg)’

Simulation results of the traditional GA algorithm
for this problem are shown in Figure 11 depict the
changes of the adapt value, the biases on the equality
constraints AF, AT, AM, and the objective function
Pr with respect to the iteration number, respectively.

As can be seen, equality constraints can be satisfied
quickly with the introduction of adaptive scale fac-
tors. However, both the adapt value and the objective
Pr fluctuate with the variation of scale factors. The
drastic changes indicate that the objective function
has not sufficiently well represented in the fitness func-
tion and then could not converge. In summary, only
the equality constraints are actually reflected in the
fitness function, and the optimal solution could not

-2’ <a<6 (26)
1.38 <7 < 1.6
1.4m? < Ag < 1.6m?
-7 <ar<?’
—25% <5, < 20°
(a)aom Adapt Value and Scale Factor of L, oo

—%—adapt value
—eo—scale factor of LR

2000 4 10000

adapt value

1000 15000

0 5 10 15 20 2% 30
iteration

(©) 435 210

scale factor of LR

The Obijective Function

(b) " The Bias on the Equality Constraints
—#—AF
20f ——AT
—e— AM

AF/ATIAM

0 5 10 15 20 25 30
lteration

4.36

4.34

4321+

a3t

4.28

4.26

4.24
0 5 10 15 20 25 30

lteration

Figure 11. Simulation results of GA: (a) curve of the adapt value; (b) biases on the equality constraints; (c) the objective function.
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(a) Adapt Value and Scale Factor of L
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(b) The Bias on the Equality Constraints
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= =
i
s W oof
8 <
1
10}
15

8
Iteration

10

4.4

4381

4.36

4.32
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428

4.26

10
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Figure 12. First optimization stage by parallel GA computing: (a) curve of the adapt value; (b) biases on the equality constraints; (c)

the objective function.

be achieved. Apparently, the GA algorithm could
hardly solve this optimal control problem properly.

Then the feasible regions of the control parameters
my, Ag are divided into nine sub-regions with a 3 x 3
grid while keeping the other variables fixed. The first
optimization stage by parallel GA computing in the
sub-regions (take one sub-region for example) is
shown in Figure 12, and the second stage by
random pattern search is shown in Figure 13.

As in Figures 12 and 13, compared with the 15
iterations by the GA algorithm, in the first stage of
the GA-RPS algorithm, it only takes 5 iterations to
obtain the feasible solution. It is obvious that the
equality constraints are satisfied quickly, which
means the strategy of the parallel GA computing in
the sub-regions can find the feasible solutions effec-
tively. In the second stage, the global optimal solution
can be accurately obtained in about 50 iterations by
RPS. Compared to the GA algorithm, the GA-RPS

PR of random pattern search method
4315 + v T T

4285

428

4275

427

20 30

Iteration

40

Figure 13. Second optimization stage by RPS.
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optimizing path on control parameters plane of propulsion system
1.48 . . . . . . . .
1.47} M,
W
1.46 Start
1.45F
144
ﬂ’k

1.43F
1.42
1.41F End 4+

1.4 . . . . . . . .

1.44 1.46 1.48 1.5 1.52 1.54 1.56 1.58 1.6 1.62
AS

Figure 14. The optimizing path of linear search.

Table |. Comparisons between GA-RPS and linear search.

Time Restart
Method consumption or not! Accuracy  Complexity
GA-RPS 3 min No 5% of Error High
Linear search 4h Yes 5% of Error Low

algorithm can solve the optimal control problem more
effectively, and improve the accuracy and convergence
speed simultancously.

C. Comparisons of GA-RPS and linear search
method

For the optimal control problem described in equa-
tion (26), the optimizing path of the linear search
method is shown as Figure 14.

As can be seen, the optimizing path of the linear
search method is very tortuous, and the computing
time is unacceptable. Detailed comparisons between
the GA-RPS and the linear search are shown in
Table 1.

As can be seen, compared to the linear search
method, GA-RPS is more efficient and applicable to
the complex integrated flight/propulsion optimal con-
trol problem.

D. Analysis of performance improvements

For the traditional GA algorithm, the feasible solu-
tion obtained is

U=[a,m}, As,ar,5.
—[2.8479° 1.4388 1.5048m? 0.1130° 0.9199°]

The corresponding required power is Pg=
4.4596 x 10" W and the BLI intensity is 1z, = 1.088.

In contrast, the optimal feasible solution in the first
stage of GA-RPS is

U=[a,n}, As,ar,5,]
:[2.6664O 1.4067 1.5850m> 1.4624° 0.92750]

the corresponding required power is Pr=
4.2954 x 10’ W and the BLI intensity is ng;; = 1.120.
The global optimal solution in the second stage is

U= [a,ﬂz,AS,aT,ag]
—[2.5272° 1.4022 1.5952m> 2.8459° 0.9324°]

The corresponding required power is Pg=
4.2741 x 10"Wand the BLI intensity is ngz; = 1.124.

As above, the required power Pr obtained by the
traditional GA algorithm is 4.4596 x 107, and the cor-
responding data for the global optimal solution of
GA-RPS is 4.2741 x 107. Compared to the GA algo-
rithm, Pg obtained by GA-RPS is 4.16% lower, which
indicates less fuel consumption during flight and
demonstrates  the  superiority of  GA-RPS.
Additionally, in the different stages of GA-RPS, Py
is 4.2954 x 107,4.2741 x 107 respectively, and the
required power can be further reduced by 0.5%.
These results demonstrate that SAX-40 has tremen-
dous energy-saving potential and an appropriate opti-
mization algorithm is extremely essential.

Moreover, the BLI intensity np,; obtained by GA
is 1.088. In the first stage of GA-RPS, the best feasible
solution has the corresponding BLI intensity
npr; = 1.120 and in the second stage the global opti-
mal solution has the highest BLI intensity
nprr = 1.124. In comparison, it can be deduced that
the optimization procedure is marching towards the
direction of intensifying BLI effect. Similarly, compar-
ing the thrust’s deflection angles a7 of different meth-
ods, we can find that the optimal solution has the
largest deflection angle a7 = 2.8459°. This indicates
the strongest supercirculation effect. Therefore, the
optimization process is also driven by intensifying
supercirculation effect.

In conclusion, BLI and supercirculation effects
play a very important role in the performance
improvement of SAX-40. By utilizing the BLI and
supercirculation effects sufficiently, energy consump-
tion in flight can be reduced significantly, which
makes DPC aircraft more competitive.

Conclusion

This article focuses on the integrated flight/propulsion
control technology of distributed propulsion
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configuration aircraft. Based on the inherent BLI and
supercirculation features, an integrated flight/propul-
sion model is developed. After that, to deal with the
strong cross-coupling between aircraft and engines, an
integrated flight/propulsion optimal control scheme is
presented, and a new two-stage optimization algo-
rithm named genetic algorithm-random pattern
search is proposed to solve this complex optimization
problem with improved accuracy and convergence
speed. Simulation results demonstrate the effective-
ness of this approach.

From the detailed analysis, several significant con-
clusions can be derived: (1) BLI and supercirculation
effects are exactly beneficial features for DPC. By
using the two effects properly, fuel efficiency can be
obviously improved. (2) DPC aircraft have a great
capacity of performance improvement through opti-
mization. However, due to the complexity of DPC
aircraft, it requires an effective integrated flight/pro-
pulsion optimal control method to fully exploit the
potential.
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