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ABSTRACT There are serious among various components of the hypersonic vehicle at wide-range Mach
numbers, and the coupling among aerodynamic shape, propulsion system, structure, and control system
is remarkable. For excellent performance, its components and functions are highly integrated, which brings
serious challenges to traditional design examples, methods, and tools. To solve the integrated control problem
of flight-propulsion coupling, a controller based on pole assignment is designed in this paper, and the
control parameters can be adjusted according to real-time aerodynamic data. The parametric model of
hypersonic vehicle at wide-range Mach numbers with coupling characteristics is established and the flight
data under various working conditions are obtained. The flight dynamical model is established with a
coupling relationship between the airframe and engine. Combined with the characteristic parameters of
the aircraft attitude control closed-loop system, the control gain is designed based on expected poles and
adjusted in real-time. The comparative simulations are carried out, and the results show that the control gain
adjustment strategy based on aerodynamic parameter identification can improve the attitude angle command
tracking quality and the robustness of the system.

INDEX TERMS Hypersonic vehicle, wide-range Mach numbers, aerodynamic parameter identification,

coupling control, control gain adjustment strategy.

I. INTRODUCTION
The hypersonic vehicle at wide-range Mach numbers refers
to an aircraft whose flying Mach number is greater than 5,
using a scramjet engine and its combined power, capable of
maneuvering in the adjacent space at a height of 20-100km
from sea level and relying on a rare atmosphere to perform
missions such as strikes, investigations, carrying and con-
frontation [1]-[4]. With characteristics of high flight speed,
rapid response, wide speed range, large lift-drag ratio, and big
specific impulse, it shows remarkable advantages compared
with conventional aircraft and has important military and civil
value.

The scramjet engine has the characteristics of multi-
variable, non-linear, and time-varying which takes the diffi-
culty to its control system. The coupling and mutual influence
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of aerodynamic force, engine working state of the hypersonic
vehicle at wide-range Mach numbers are mainly expressed
in that the flight attitude affects the thrust by the air mass
flow rate of the inlet [5]-[7]. Meanwhile, thrust affects hyper-
sonic vehicle attitude in two aspects. First, due to the special
structure of the combined power engine, the thrust center
can’t be set at the centroid position of aircraft, which brings
about an eccentric moment. Second, the high-speed expan-
sion airflow from the nozzle acts on the asymmetric outer
nozzle, resulting in an additional moment. Therefore, the
coordinated control of attitude, speed, and thrust is partic-
ularly important [7]-[9]. Because of the particularity of the
wide-range velocity vehicle, the conventional strategy usually
used for the control system is not suitable for the applica-
tion [10]. During the flight of an aircraft in a large altitude
and speed range, the aerodynamic and thrust coefficients will
change nonlinearly, which also brings challenges to flight
control.
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FIGURE 1. Hypersonic vehicle.

The National Aeronautics and Space Administra-
tion (NASA) developed the ‘““Learn-to-fly”’(L2F) algorithm,
in the Transforming Aviation Concept Program (TACP), with
the purpose to update the development model of aircraft. The
traditional aircraft development process includes wind tunnel
tests, aero-fluid dynamics calculations (CFD), simulation
development, control law design, and the final flight test
sequence, and iterates continuously [11]-[13]. Inevitably,
during the flight test, the aerodynamic model needs to be
continuously updated. Whenever the aerodynamic model
needs to be updated, the development process will be iterated
once. L2F combines real-time nonlinear aerodynamic mod-
eling with autonomous control law design. The advantages
of L2F include the use of aerodynamic models based on real-
time identification of flight data in the control law design.
Therefore, there is no need to modify the Reynolds number,
blockage, boundary layer turbulence, etc., [14]-[16]. The
control system design is developed based on the actual flight
dynamics response rather than the simulation results. As L2F
technology matures, new aircraft designs may not require the
ground test [17]-[19]. The three pillars of L2F theory are the
hot spots of research in recent years: 1) real-time nonlinear
aerodynamic modeling; 2) “learning” control law design
method; 3) guidance algorithm. In the L2F research, the flight
test aerodynamic modeling method is combined with the
real-time guidance and learning control law design method on
the aircraft and applied in flight. These technologies enable
the aircraft to learn how to fly [20], [22].

Many scholars besides NASA have also made thor-
ough research on the control of the hypersonic vehicle at
wide-range Mach numbers. In Refs. [22] and [23], sev-
eral original contributions were made by X. W. and Q. Qi,
who developed a fuzzy optimal tactic which deals with the
tracking control problem of the hypersonic vehicle subject to
unknown dynamics. Recently, they made an effort to apply a
simplified finite-time fuzzy neural controller with prescribed
performance to waverider aircraft which could guarantee sat-
isfied real-time performance with low-complex structure. X.
Bu presented a funnel non-affine controller applying neural
approximation for prescribed tracking of air-breathing hyper-
sonic vehicles. The desired transient performance and steady-
state performance are ensured for both tracking errors [24].
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Trajectory Linearization Control (TLC) is a nonlinear con-
trol method based on differential-algebraic spectrum theory,
which has been applied to the design of X-33’s ascent attitude
control system in NASA’s advanced guidance and control
project. It is an advanced control method for hypersonic
vehicle control at present [25]. TLC and PID will be per-
formed as comparative groups, reflecting the control effect
of the adaptive integration method based on the desired pole
assignment.

In this paper, the real-time aerodynamic and thrust data of
aircraft are obtained based on the parametric model of the
hypersonic vehicle at wide-range Mach numbers. A com-
prehensive control algorithm based on pole assignment is
adopted. On the premise of knowing the real-time aerody-
namic parameters of the aircraft, combined with the concept
of learning flight, it is hoped that the interaction in flight
dynamics, aerodynamics, thermodynamics, frequency and
dynamics of the control system of the hypersonic vehicle
at wide-range Mach numbers can be handled with a low-
complex control structure, which is expected to improve the
control quality.

The contributions of this paper mainly include the follow-
ing four points:

The parametric model of hypersonic vehicle at wide-range
Mach numbers is constructed and the flight data under various
working conditions are calculated.

The adaptive controller design based on the expected pole
assignment is completed.

According to the aerodynamic real-time identification
results, the state feedback matrix is designed.

The comparative simulation is completed, and the algo-
rithm to solve the aerodynamic/thrust coupling problem is
verified.

This paper is structured as follows: In section 2, the math-
ematical model and the essential method of aerodynamic and
propulsion characteristics analysis of the hypersonic vehicle
at wide-range Mach numbers are expounded. The dynamic
analysis of the hypersonic vehicle at wide-range Mach num-
bers is carried out in section 3. Section 4 describes the control
scheme based on pole assignment and the adaptive control
gain compensation method. Section 5 gives the simulation
comparison results and section 6 gives discussion.

Il. THE HYPERSONIC VEHICLE AT WIDE-RANGE MACH
NUMBERS MODEL

A. AERODYNAMIC AND PROPULSION CHARACTERISTICS
ANALYSIS

Parametric models of aircraft need to be established before
aerodynamic and thrust analysis [26]-[30]. In aerodynamic
estimation, the panel method is adopted, and its basic idea is
to divide the surface of the hypersonic vehicle at wide-range
Mach numbers into several small areas and replace them
with a parallelogram or triangle. The aerodynamic forces
and moments on the panels are calculated, and the total
aerodynamic forces and moments are obtained by adding the
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calculated results. Identifying a panel need to determine the
centroid coordinates, direction, and area. The quadrilateral
panel is used for specific explanations.

The coordinates of the four vertices of the quadrilateral
panel are Q1, Oz, 03, Q4, and the normal vector outside the
panel is calculated by:

T x T,

n= -2 1)
171 x T2||

where T, T> are the vector obtained by subtracting the coor-
dinates of two groups of non-adjacent points.

The panel plane can be determined by the normal vector
of the panel and the center of the panel. The four vertices are
projected to the panel plane, and the points projected on the
panel plane are called “corners’. The coordinates of the four
corners are:

{PQ:P,»er,-ﬁ ®

di=n (f_’ — P,')
where P is the median coordinate of 4 nodes. The coordinate
system is established based on the panel, the origin is in
the center of the panel, and the three axial directions are:

ip = T1/|T1|, jp = n X ny, k, = n. The transformation from
computational coordinate system to panel coordinate system:

Rep = [ipvjpv kp] &)

The coordinates of the four corners in the panel coordinate
system are as follows:

P =R, (P, - P)) “4)

The coordinates of that centroid of the panel in the panel
coordinate system are as follows:

_ 1 1 - - - - ~ -
A [P (P —P) P (P —P,)]
* T 3Py — Pay 4x \P1y — Pay ) + Pox ( Pay Ly
p—lp

P.=0 )

The coordinate of that centroid of the panel in the calcu-
lated coordinate system is as follow:

Po=P+S

/

J

; ©)
/

Z

The area of the panel is:

§ = (P = Pr) (Poy — Pyy) 12 ™

According to the engineering estimation method, the pres-
sure on the ith plane is obtained.

P; = Cpige,i + Poo 8)

Ps is local static pressure and ¢g.; is local dynamic
pressure.
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The total aerodynamic force and aerodynamic moment on
the aircraft can be obtained by adding the aerodynamic force
and aerodynamic moment vectors on all panels.

Fox=— ZPinxiSpan,i

Fay=—_ PinyiSpan.i )
2= Z PinziSpan,i

M, = Z P; (diny; — dyinzi) Span,i

Moy =Y Pi(duinzi — dzin) Span.i (10)
M, .= ZPi (dyinxi — dyinyi) Span,i

In which, d; = dy;ip + dyijp + d;ikp is the distance vector

from the centroid of the panel to the centroid of aircraft, and
Nyi, Ny;, Nz; are the components of 7 on ip, jp, kp.

<

1
Fax = —Fa,xchref
Fuy = —Fa,chi%rd (an
Faz=—Fa qcSref

I
Conaxe = _M“’XW
Cinay = —Ma,chsrfm (12)
Cmaz = =M s

The panel effect of airfoils is shown in Figure 2. Each small
panel is represented by a small arrow pointing to its normal
vector. The red part is the elevator, which can deflect with the
input angle.

FIGURE 2. Panels generation effect.

The pressure and pressure coefficient of each small panel
are calculated by using the Modified Newton method (For-
mula 13-14) and the Prandtl-Meyer method (Formula 15),
and the total aerodynamic force and aerodynamic moment
under this working condition can be obtained by adding the
vectors of each panel. Where y, is the specific heat ratio of
fuel and t is the impact angle of airflow [31]-[33]. (13)—(15),
as shown at the bottom of the next page.

In thrust estimation, scramjet is divided into the inlet,
isolator, combustion chamber, and nozzle.

In the inlet part, shock wave, expansion wave, and their
intersection theory are used to describe the flow parame-
ters. All of the shock waves and expansion waves in the
flow region produced by the turning of the inlet surface
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FIGURE 3. The flow calculation process of quasi-two-dimensional inlet.

area

and the intersection of shock waves and expansion waves
are calculated. These waves divide the two-dimensional area
into several small areas. The internal airflow parameters in
each small area remain constant, which are determined by
the shock waves or expansion waves in front. If there is a
detached shock wave or the calculated wave surface is more
than a certain number, the average airflow parameters here
will be calculated instead. The airflow parameters from here
to the isolation section can be determined according to the
frictional variable cross-section pipe flow formula (formula
16). The algorithm flow is shown in Figure 3.

dMa  Mayy, 1 dSy, ,2Cy

dx 1—Ma2< Sy ax Mg,

dP  Py:Ma® (1 dSy 1+ (yc— HMd* 4Gy
dx 1 —Mad? Sﬂz, dx 2 dy,
dT (1 = y)TMa* [ 1 dS, 2C;
il % o + ycMaz—f

dx l—Ma Sth dx dl‘h

(16)

where: Sy, is the cross-sectional area of the airflow
channel and dy is the  hydraulic diameter,
Vi =1+ Ma*(ye — 1)/2.

The quasi-one-dimensional model is adopted to calcu-
late the airflow parameters in the isolation section and
combustion chamber, and the airflow friction, fuel injec-
tion, length change of pre-combustion shock wave train,
reaction rate are out of consideration. The basic con-
servation equations of airflow in the isolation section
and combustion chamber are obtained, and the equa-
tions need to combine experimental or empirical formulas
to get solved. Finally, the airflow parameter distribution
law in the isolation section and combustion chamber
is [34], [35]:

dMa _
dx
1 dSy, 1+ y.Md® dT;
May, Sy dx 2T,  dx
1 —Ma2 | 1+ yMa? — epyeMa* dingg »2Cy
" + yeMa™—
Mad dx din
(17
dP
dx
1 dSy Y dT 29u(1 — €) + e diitaa
PyMa® | S, dx T, dx Had dx
1 — Ma? L4 (re = DMa® 4G
2 d[l/l
(18)
dar _ 1 dT; (y.— 1)TMa dMa (19)
dx Y dx Vi dx

In which: Sy, dSi,/dx and dy, can be determined by the
engine combustion chamber geometry; ri g and drigg/dx
are respectively the fuel mass flow rate and the fuel
mass flow rate change rate added into the combustion
chamber, &5 is the ratio of the fuel injection speed
on the engine shaft of the aircraft to the main air-
flow speed, and can be determined according to the fuel
injection.

C, = Ksin’t (13)
_Ye _

2 D2Ma> |77 1= ye + 2y.Ma®

K=—2 (e + 1)" Ma [M]_l a4
veMa 4y Ma® —2 (Y. — 1) Ve + 1
_M 1+ — _ Ma > Ma2
2 (Ye + 1) Mat

=1 (et 1)1®Ma-6.5)> (15)
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‘ompression surface

Freestream

FIGURE 4. The nozzle plume model.

The plume method is adopted at the nozzle reflecting the
coupling of flight and propulsion [36], [37]. The plume
model is based on the equal air pressure above and below the
shear layer (see Fig 3).

hit1 = hi + sqtan(t) + sq tan(Br)  (20a)
Ay = hk+1/hk (20b)
1
FM) =1+ (y = DM} (20c)
FMOTT L f (M7
=A 20d
V-V 200
f<Mk_1>]/—1

P, = P;_ 20
¢ ¢ [ (M) (20e)
I_)k = /58‘_/3 sin? (,Bk — 5f) +I_)e (20f)
Py —Py=0 (20g)

P, is the fluid pressure under the shear layer. p, is the fluid

density under the shear layer. V, is the fluid velocity under
the shear layer.

B. DYNAMIC MODEL OF THE HYPERSONIC VEHICLE AT
WIDE-RANGE MACH NUMBERS

The force of the hypersonic vehicle is divided into three
categories: one: vertical downward gravity, two: thrust in
the direction of the body axis, three: aerodynamic force, the
aerodynamic force is decomposed into a lift perpendicular to
the speed, and the resistance is opposite to the speed direction.
Combined with Newton’s law, the following equations can
be obtained. The system of equations describes the relation-
ship between the force of the hypersonic vehicle at wide-
range Mach numbers and the displacement of the longitudinal

channel and flight attitude. The control is based on
this system of equations.

x = V cos8cos
H = Vsind Q1
z = —V cos@ siny,

U = wysiny + w;cosy
¥ = (wycosy — w,siny) /cos & (22)
y = wy —tan (wycosy —wzsiny)

iy = (LyMy + ILyM,) / Iy — 12,
iy = (LyMy + LMy / Loy — 12 23)
w; =M, / I

where « is the angle of attack; ¢ is the pitch angular, 8 is
the angle of sideslip, yy is the velocity inclination angle,
is the yawing angle, ¢y is the velocity declination; w is the
angular rate; L, T, D are lift force, thrust, and drag; M is
pitch moments; I is pitch moments of inertial; V', m, g, 6 are
velocity, vehicle mass, gravity acceleration, the flight path
angle; M is the moment, in which longitudinal moment is
divided into aerodynamic pitch moment M4 and thrust pitch
moment Mrt;

IIl. DYNAMIC CHARACTERISTIC ANALYSIS

A. DYNAMIC CHARACTERISTIC VERIFICATION OF
PARAMETRIC MODEL

Validating the effectiveness of the developed model is an
essential step to ensure the developed model is reliable. In this
part, the trim capacity of lift to gravity and thrust to drag is
put to the proof. The trim elevator deflection at each angle
of attack is also a key concern. The thrust eccentricity, the
additional moment generated by the internal flow on the
afterbody flow field and the balancing of the external aero-
dynamic moment are taken into consideration. The static sta-
bility analysis under the equilibrium characteristic points is
carried out, and the corresponding static stability coefficients
and maneuverability at different angles of attack are solved
respectively. It is proved that the model is reliable and can be
applied to control.

Form Figs. 5(a-e), we can conclude that:

1) the drag reaches the minimum near the angle of attack
of 0 degrees, and the fuel equivalent ratio has no
prominent influence on the drag. The thrust increases
with the increase of angle of attack or fuel equivalence

V = (T cosa cos B —D—mgsin@)/m
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6 = [T (sina cos y, + cosa sin B sin y,) + L cos y, — Z sin y, — mg cos 0]/(mV) 24)
1/}v = — [T (sina siny, — cos e sin B cos ;) + L siny,, 4+ Z cos yv]/(mV cosf)

sin 8 = cos 8 [cos y sin (Y — ¥,) + sin? siny cos (Y — )] — sin6 cos ¥ sin y

sina = {cos 8 [sin ¥ cos y cos (Y — ) — siny sin (Y — ,,)] — sin 6 cos ¥ cos y}/cos B (25)
siny, = (cosa sin B sin ¥ — sin « sin B cos y cos ¥ + cos B sin y cos ﬂ)/cos 0
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FIGURE 5. Model validation chart. (a) Thrust-drag balance test;

(b) Lift-gravity balance test; (c) Trimming rudder deflection at different
angles of attack and Mach number; (d) Static stability test; (e) Elevator

efficiency test.
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FIGURE 5. (Continued.) Model validation chart. (a) Thrust-drag balance
test; (b) Lift-gravity balance test; (c) Trimming rudder deflection at
different angles of attack and Mach number; (d) Static stability test;

(e) Elevator efficiency test.

2)

3)

4)

5)

ratio, which shows that the developed model has trim
capability in a large angle of attack range.

The lift can be balanced with the maximum gravity near
the angle of attack of three degrees.

The trim ability of the elevator decreases with the
increase of Mach number, but the pitching moment can
be trimmed within a reasonable angle of attack.

The developed model between Ma4-6 is statically
unstable, and the maximum static instability is near
3 degrees angle of attack.

The elevator efficiency of the developed model is
within a reasonable range.

B. FLIGHT MECHANICS ANALYSIS

Undis

turbed motion is space unsteady flight, and the missile

motion equation is linearized with small disturbance:

dAV

PV_XV _ _ vy«
( ) +(P°‘ Pa—X*

dt

dang  (PVa+vY)

= AV
m

(P? — X%) X% Fox
+— A A8, — ABgcosh + 5=
m m

P¢ P+Y“*
+( o+ P+ )Aa

= AV
dt mV mV
(PPa +Y?) gsinf e Fyy
A A+ —AS, + &
+ mV ¢+ \% + mv .=~ c + m
dA MY MY MY M®
aaw; ==+ —th ) AV + =+ Zth ) Aq
dt J, J. J, J;
. 8, %
MZCUL MZ“ Mh M .
A LA, 4+ A+ =55
T Aeet ARt AN S
dA
7(/) = ¢V AV + 9% Aa + 9% Age + ¢4
dAl,
priaid (26)
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TABLE 1. Symbol of dynamic coefficient and its expression.

1 2 3 4
v v ddMas ddMas .-
P -x" _| Mo My, Pla+y” dMas - dMas
4y =——— ay =| =+ ay = o oy ‘o
m m 41 =
: : dMas®
M
ap =0 ay =—> ay =0 ap =0
JZ
sin@
ddMas ddMas -
P*-Pg-X* _{Mf’+ ,‘},’j Plo+P+Y” dMas - dMas
Gy =" — 247 N T __OJu o
m J J mV Ayg = %
: : dMas*
-X* a MZ[S : re aus =0
dis = 25 =T Ore = —— 45 =
15 " J. 3T
P’ -X? oMy Pla+Y’ S
Qg =——m 26 — Ay = — 46 —
16 " J. 26 ml
a7 =0 dy =0 a3 =0 ay =Ka,
To make the above formula easy to write, the simplified Ignore the velocity which changes in a long period. The
symbol of the equation coefficient is introduced. transfer function matrix in a short period is given.
a4 can represent the static stability of aircraft. If axq < 0,
the aircraft is statically stable, otherwise it is statically unsta- s (s —ax) 0 —ax4 —ax -
ble. aps can represent the maneuverability of the aircraft, that 0 S—azxy —azu —azg
is, the moment change that can be produced when the elevator G(s)=C 0 0 —ay S
deflects by one unit. —1 1 1 0
The free disturbance motion of the hypersonic vehicle at
. . . as 0
wide-range Mach numbers is analyzed, and the free distur- a5 0

bance motion equations are obtained by A§; = 0, Agp, = X (28)
0, Fgy = Fgy = Mg, = 0 in Equation 27. d

0 0
AV where
—— —a1AV —a3A0 —ajuAa —ajgAe =0
dt ) 1 000
d AY dAY 0100
— AV — — Ao — Ap =0 =
az| + I an— a4 Ax — a6 AQ C 001 0
dAb
—a31AV—a33A9+7—a34Aa—a36Atp =0 0001
dA
Y Ay AV — agAa = 0 V. AD{-\PTIVE CONTROI.. BA'SED ON POLE.ASSI(.?-NMENT
dt According to the longitudinal short-period disturbance
=AY + A0+ Aa = 0(27) motion AV = AV = 0, from the time domain point of

. T.
view, the state vector [@; a ¢ I, | is adopted: the standard

he foll Lsol y y expression form of the longitudinal disturbance motion state
The following special solutions AV = Ae*, AY = Be',

space is:
AO = CeéM, Aa = De*, Ap = Ee* in the form of
exponential functions of the equations are: dﬁ—tv = AreM, @, w, as 0 M.y
dAY  _ py ot d2A219 = BA%eM, dd# = CieM, % = o —A o —azs 0 S, - S’d
ADe | dd# = MEe*. After eliminating the common term, Iy | 7% Iy 1o 0 [ %} lya
the dynamic stability of aircraft can be judged by solving the ® 4 0 agy Pd
characteristic equation. 29)
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where:
ax a4 0 ax
_| 1 a—anu 0 —az
A= 0 0 0 1

0 ass 0 O

The system after adding control signals is:
Ax = (A + BK)Ax (30)

If the value of K is appropriate, A + BK can form a matrix
to make the system asymptotically stable, and if x(0) # 0,
tl_l)rgo x(t) = 0.

The eigenvalue of A + BK is the pole of the regulator.
If the pole of the regulator is located in the left half-plane
of the s coordinate system, l_i)m Ax(t) = 0.

The problem of arrangiilg o'?he closed-loop poles to the
desired position is called the pole arrangement. What should
be noted is it’s possible to modify any pole arrangement of
the system only if the given system is entirely controllable.

There are four algorithms commonly used in pole place-
ment of MIMO high-order systems. 1) Turn the multi-input
system into a single-input system; 2) Convert the state space
expression into the Laenberger controllable canonical form,
and then the state feedback gain K can be solved; 3) Solve
the T matrix of the Sylvester equation, if the T matrix is
nonsingular, the K is obtained. 4) The state feedback gain K
is obtained by the linear-quadratic optimal control method.

Comparing the four algorithms, the disadvantage of the
first algorithm is that the single-input system generated by
multi-input systemization is not unique, and the elements of
the feedback gain matrix k; calculated by this algorithm are
often too large. The disadvantage of the second algorithm is
that the calculation of the transformation matrix which can
control the canonical form is tedious. The third algorithm
cannot guarantee that the T matrix is nonsingular. The fourth
algorithm is subjective in the balance between error and
energy consumption, that is, the setting of the Q matrix and
the R matrix.

In this paper, the state feedback matrix is obtained by
taking the expected poles, and the logic of the control matrix
is:
ki1 Aw; + ki Aa +k13A¢)+k14AL{| 31
ko1 Aw; + kop Ao+ kpz Ag + kag Al

It can be seen that in the process of calculating elevator
deflection components A4, k11 Aw, and k1> Ax are differen-
tial terms and proportional terms; k13 Ag is flight-propulsion
coupling term, and the fuel equivalence ratio error inte-
gral in kj4Al, has nothing to do with elevator adjustment,
so k4 = 0.

Similarly, in the process of solving the command compo-
nent Ag. of fuel equivalence ratio, kp3A¢@ and kx4 Al, are
proportional terms and integral terms, kxp Aw is a coupling
term, and k21 Aw,, is an irrelevant term.

The fourth-order system is divided into a third-order sys-
tem and a first-order system according to the logic of con-
trolling attitude by elevator and controlling thrust by fuel

av=|
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equivalence ratio. The third-order system corresponds to the
angle of attack control and has two dominant poles and one
non-dominant pole. The dynamic index of the system step
response is mainly determined by two dominant poles.

The damping ratio and natural frequency are calculated
according to the performance index of the second-order sys-
tem, and the dominant pole is selected using the formula (32).
The relationship between adjustment time and overshoot and
damping ratio and natural frequency is shown in formula (33):

$12 = —Ewy £ wpy/E% — 1 (32)

ts =4/ (Ewn)
In(1/0)

i S A
N (ln%)2

where £ is called the damping ratio of the system; and w, ,
the undamped natural frequency. It is customary for the third
pole to take a value more than 5 times the real part of the
dominant pole. Considering the physical meaning of the state
feedback matrix and the requirements of the system dynamic
index, the position of the expected pole can be selected:

(33)

Jj1 = A1+ bi

Jj2 = A1 —bi

J3 =2

Ja =iz A, A2,A3 <0

The physical meaning of each element in matrix K is
interpreted in detail. It is unreasonable to simply use the
mathematical method to solve the matrix K because only four
expected poles are used to establish the equation, while there
are eight unknown elements, which leads to the non-unique
solution of the matrix. The initial K matrix is a suitable
value solved by combining the physical meaning of each
element of the K matrix with engineering methods and
Re[A(A 4+ BK)] < 0 can be guaranteed at this time. Under
the influence of uncertainty in flight, some elements of matrix
A may get changed, the corresponding elements of matrix K
change as compensation, thus ensuring that the value of each
element of A + BK remains unchanged. Re[A(A + BK)] < 0
can be always held in this method. The iterative process is as
Figure 6.

In the figure, X is the iteration factor. ¢; is the element value
of matrix A 4+ BK, and the adaptive control needs to ensure
the constant value of c;.

V. SIMULATION RESULTS

Select typical working conditions, and according to the trans-

fer function calculated by formula 28, and the open-loop

transfer function Bode diagram curves are given in Figure 5:
Based on the above dynamic model and controller, the

simulation is carried out. The dynamic parameters of the

aircraft are shown in Table 2:
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FIGURE 6. The gain update iteration flow.

TABLE 2. The ontological parameters of the hypersonic vehicle at
wide-range Mach numbers.

Variable Description Value
c Characteristic Length 6.938m
S Reference area 60.32m>
Iy Pitching moment of inertia 400701Nm
m Mass 19000kg

According to the
selected as:

previous section, the desired pole is

ji = —6.308 + 4.312i

Jj» = —6.308 —4.312i
3 = —3.406
Ja=—24

According to the formula (32-33), it is expected that the
angle of attack setting time corresponding to this set of poles
will be about 3.2 seconds, and the maximum overshoot will
be about 20%.

Under the desired poles selected above and in combina-
tion with the requirements of the system dynamic response

index, the tuning state feedback matrix is solved as K =
8 40 0.1 0
0 -02 —-15 -05
1s set at an altitude of 25,000 meters and a speed of Mach
6. The initial angle of attack is O degrees and adjusted to
1 degree. The initial fuel equivalence ratio is 0, which is
adjusted to 0.85 and simulated in the interval of 0 to 10

. The flight process of the aircraft
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FIGURE 7. The Open-loop transfer function bode graph curve. (a) Bode
diagram of the transfer function from the elevator to the angle of attack;
(b) Bode diagram of equivalent ratio function from the elevator to Fuel
equivalence ratio; (c) Bode diagram of the transfer function from Fuel
equivalence ratio command to angle of attack; (d) Bode diagram of Fuel
equivalence ratio command to Fuel equivalence ratio function.
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0, 0, 0,
for angle of attack 43.4% 27.1% 202%
Setting time for angle
of attack(s) 3.36 4.56 3.16
Maximum peak value
of angular rate 2.286 2.795 2.696
(deg/s)
Maximum peak value 2341 2696 1959

of pitch angle (deg)

seconds. The simulation results include the dynamic response
process under normal conditions, dynamic response process
of the elevator after adding 20% uncertainty, and dynamic
response process of controller adaptive compensation while
adding 20% uncertainty to the elevator. PID and trajectory
linearization control (TLC) are simulated as comparative
methods. The simulation results are shown in figure 8:

VIi. DISCUSSIONS AND CONCLUSION

From Figure 7, due to the increase of the order of trans-
fer function, the Bode diagram of the hypersonic vehi-
cle at wide-range Mach numbers control system is more
complex with the coupling of flight and propulsion. The
amplitude of high-frequency band in (a) and (d) is small,
which shows that the impaction from an executive body to
the controlled objects (i.e., from the elevator to the angle
of attack and from the fuel equivalence ratio command
to the fuel equivalence ratio) has a strong ability to sup-
press noise. However, the high-frequency amplitude of the
coupling control process as shown in (b) and (c) is large,
which shows that they have a weak ability to suppress high-
frequency noise. On the contrary, their low-frequency ampli-
tude is higher, which shows that their steady-state is more
accurate.
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From Figure 8(a-b), the maximum overshoot of the PID
control system for the angle of attack is 43.4%, and the
setting time is 3.36 seconds Differ from PID, which linearizes
the nonlinear system in only one working condition, LTC
linearization in many different working conditions can reduce
the overshoot of maximum angular velocity and angle of
attack, which shows that it has certain advantages compared
with PID. The maximum overshoot reduced to 27.1%, the
setting time reach 2.89 seconds by LTC. Adaptive control
based on desired pole assignment can adjust the controller
according to the variation of the real-time flight parameter,
which decrease the overshoot of angle of attack to 20.2%. The
setting time is 3.16 seconds, which meets the requirements of
the desired pole for the dynamic response index of the system.
Results of simulation show that the adaptive controller can
obviously improve the control quality of the system with
uncertainties. From(c-e), although the adjustment time of the
three cases is the same, it can be seen that the adaptive control
can reduce the maximum peak value of the curve. It can be
seen from c and d that the response curve of adaptive control
is closer to the steady-state value as a whole.

In this paper, an adaptive controller based on pole assign-
ment is adopted to suppress the disturbance caused by uncer-
tainty in flight. Compared with the widely used methods such
as trajectory linearization, the adaptive controller based on
pole assignment can adjust the control parameters according
to the real-time flight data identification, thus achieving a
better integrated-control effect.

The hypersonic vehicle at wide-range Mach numbers
model is built mainly according to the parametric method.
On this basis, the detailed aerodynamic data and thrust data of
the aircraft under various working conditions are calculated
according to the panel method and the others, which can show
a large proportion of the uncertainties and time variability
in the large flight envelope. The flight-propulsion coupling
characteristics of the hypersonic vehicle at wide-range Mach
numbers are described by using the state-space equation and
transfer function. On the basis of the simplified state-space
equation, this paper gives an integrated control strategy for
the hypersonic vehicle at wide-range Mach numbers by using
the pole assignment method. Real-time identification based
on flight data adjusts the controller parameters to compen-
sate for the uncertain disturbance in flight while keeping the
desired pole unchanged. The simulation results show that the
pole assignment method can be used in the integrated control
of the hypersonic vehicle at wide-range Mach numbers, and
the influence of uncertain disturbance on the system during
flight can be compensated by using the identification method.
It shows that the adaptive controller based on the pole assign-
ment is an effective in dealing with the coupling effect of
flight and propulsion of the hypersonic vehicle at wide-range
Mach numbers and the uncertainty in large flight envelope
with low-complexity control framework.

Further research includes the following points:

(1) In this paper, the control of fuel equivalence ratio is
simplified, and the dynamic process related to flight attitude

6964

is ignored. In the future, the dynamic process of fuel equiva-
lence ratio can be analyzed and studied in more detail accord-
ing to the parametric model;

(2) In terms of application objects, parametric models can
be used for dynamic analysis of various aircraft. The adaptive
control method based on pole assignment can be applied to
the coupling control of MIMO systems in different fields;

(3) Empirical coupling control values are adopted in setting
control coupling items, and identification of coupling can
be added in the future to adjust coupling item parameters in
real-time.
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