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Abstract

This paper proposes an adaptive augmented anti-disturbance load relief control scheme
for a solid launch vehicle. It can effectively satisfy the composite control requirements
including high-precision attitude control, resistance to elastic frequency deviations, sudden
wind disturbances, and active load relief. Firstly, the dynamic model of the elastic solid
launch vehicle was established and subjected to small-perturbation linearization. Based on
the state-space approach, the open-loop transfer function of the system was derived, and a
basic PD controller with correction networks was presented. Subsequently, an adaptive
augmented control law was designed to achieve adaptive variation in open-loop gain.
Furthermore, a load relief control law was designed to address the launch vehicle’s need
for load mitigation during the ascent phase through high-wind regions. Simultaneously,
to further enhance disturbance rejection capability, a linear extended state observer was
developed. Finally, frequency-domain methods and sinusoidal function analysis were
applied to the four designed modules to evaluate the system’s stability margins, and
the overall stability margin of the whole control system was calculated. Comprehensive
time-domain simulation results and frequency-domain analysis examples demonstrate
the effectiveness of the proposed method, which offers a novel solution for launch vehicle
ascent control and facilitates meeting multi-constraint control requirements.

Keywords: solid launch vehicle; adaptive augmented control; anti-disturbance load relief
control; frequency-domain analysis; sinusoidal function analysis

1. Introduction

Launch vehicles face numerous uncertainties during flight, such as variations in
altitude, velocity, atmospheric conditions, and internal structural disturbances. These
factors result in significant time-varying characteristics and uncertainties in the attitude
dynamics model parameters. Such uncertainties can reduce the stability margin of the
attitude control system or even lead to instability [1]. Addressing the strong coupling, high
uncertainties, and complex disturbances during the powered flight phase of launch vehicles
poses a highly challenging research problem. Key issues include designing advanced
adaptive control methods to improve steady-state control accuracy, reducing aerodynamic
bending moments under strong wind disturbances, and achieving stable elastic control
under significant elastic vibration frequency deviations. However, traditional frequency-
domain-based proportional-derivative (PD) control systems suffer from complex and
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time-consuming parameter tuning, which heavily relies on design experience. They require
margin verification through Monte Carlo targeting experiments, and thus cannot meet
complex design requirements in practical applications. There is a clear need for novel
methods to adapt to such complex and varying conditions.

In recent years, a novel control approach—Adaptive Augmented Control (AAC)—has
been developed to address this issue.

The primary significance of AAC lies in

(1) Seamless integration with traditional PD control laws to form a complete con-
trol system, leaving PD controller operation entirely unaffected under disturbance-free
conditions.

(2) Capability for online adaptive adjustment of gain parameters, ensuring excellent
control performance even under disturbances such as elastic vibrations, liquid sloshing,
structural errors, and wind interference.

(3) Marked improvement in system robustness, thereby enhancing rocket flight stability.

This method utilizes sensor data to dynamically adjust controller gains coefficients
online, thereby enhancing both control performance and stability [2]. The concept of AAC
has been widely applied in rockets of many countries, with NASA’s Space Launch System
(SLS) being a prominent example [3—-6]. AAC has also successfully passed flight tests in
environments such as the F/A-18 and X-15.

Mark Whorton conducted preliminary research on adaptive control technology for
launch vehicles, followed by David L. Mellen who proposed an early forward gain adap-
tive control method. His published article contributed to the structural formation of AAC
technology. Charles Hall then took a critical step toward maturing AAC technology [7].
Building upon the PID control system of the Ares I rocket, Brian D. LeFevre incorporated
a hybrid adaptive compensation controller, ultimately developing a hybrid augmented
adaptive PID controller. In December 2013, NASA implemented the AAC system on
the F/A-18 aircraft at the Armstrong Flight Research Center for flight testing. The tests
evaluated the flight control system’s capability to recover under adverse flight condi-
tions and investigated the interaction between manual pilot inputs and the AAC system.
Results demonstrated that AAC can effectively enhance manual control performance in
challenging flight environments [4]. The AAC method enhances control performance by
adaptively increasing or decreasing the forward gain, thereby mitigating the effects of
coupling between additional dynamics and the controller. The AAC algorithm features
computational simplicity, stable performance, and permits analysis within the classical
frequency-domain framework [8-12]. In 2014, Tannen VanZwieten introduced a robust
adaptive control scheme that enhanced traditional controllers through real-time loop adap-
tation. When large tracking errors were detected, the closed-loop gain of the nominal
design was strengthened, whereas the gain was reduced when excited elastic vibration and
liquid sloshing signals were identified [13]. In 2016, Brinda.V designed an AAC specifically
for the pitch channel of a typical two-stage launch vehicle, taking into account factors such
as elastic vibrations, liquid sloshing, engine vibrations, and actuator dynamics [14,15]. The
design employed a Chebyshev notch filter for high-pass filtering (with a cutoff frequency
set at twice the rigid-body frequency) alongside a Butterworth-type low-pass filter with a
cutoff frequency near the rigid-body frequency. Simulation results demonstrated strong
adaptability to disturbances. In 2016, Zhang et al. [16] proposed an adaptive augmented
fault-tolerant control method. This approach integrated AAC with adaptive vibration
frequency identification and fault-tolerant control techniques for application in heavy-lift
launch vehicle control system design, achieving notable research outcomes. In 2020, Trotta
etal. [17] proposed a control algorithm combining an adaptive notch filter with adaptive
augmentation control (AAC) to address large uncertainties in flexible modal frequencies,
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enabling online estimation of the first-order bending frequency and real-time adjustment
of filter parameters. In 2022, Gui et al. [18] developed a design method for adaptive aug-
menting controllers for launch vehicles and rigorously proved that AAC does not destroy
the original closed-loop stability of the PD controller. In 2024, Zhang et al. [1] presented
a parameter design and stability margin analysis method for AAC systems, in which a
sinusoidal analysis approach was proposed to evaluate the stability margin of the AAC
system. AAC is also used in pole-cart platform [19] and Quad-Rotor [20].

In addition, conducting stability analysis for the AAC controller is a critically im-
portant task. For this purpose, NASA specifically organized a two-year AAC stability
assessment effort [21], which primarily included the following methodologies: nonlinear
Lyapunov stability methods, classical stability analysis for static AAC gain variations,
generalized gain margin (GGM) analysis based on the circle criterion, time-domain stability
margin (TDSM) methods, enhanced Monte Carlo simulations, extreme deviation condition
evaluation, and describing function-based analysis methods. Notably, Wall et al. [22] used
the Lyapunov method to prove the stability of two adaptive laws in the AAC, excluding the
elastic vibration term. Angelov et al. [23] derived an equivalent open-loop gain kT value
based on the describing function method, though the designed high- and low-pass filter
parameters did not align with practical results. Therefore, these findings indicate that a
comprehensive and rigorous theoretical proof is still lacking and urgently requires further
in-depth research.

In the field of active load relief (LR) control for launch vehicles, three primary methods
are currently employed. The first method utilizes angle of attack feedback or load factor
feedback for control. The second approach builds upon the first by incorporating an inte-
gral component to enhance disturbance rejection capability. The third method involves
designing reference models and disturbance observers to achieve online estimation and
compensation of disturbances. For example, the Ares I rocket introduced an anti-drift
algorithm that establishes a reference model loop, applies control inputs to this model to
compute ideal state variables, and then compares them with measured actual states to
determine the system’s response to disturbances [24,25]. The Space Launch System (SLS)
implements a disturbance compensation algorithm that uses a state observer to provide
estimates of angular acceleration, thereby calculating the magnitude of external distur-
bances [26,27]. China’s Long March 8 (CZ-8) launch vehicle adopts an active disturbance
rejection load relief control method, which incorporates a Linear Extended State Observer
(LESO) [28,29] to estimate and compensate for disturbances. The proposed integrated load
relief scheme has been successfully validated during the maiden flight of CZ-8. However,
all the aforementioned methods are studied under the assumption of a rigid-body model
and do not consider the impact of launch vehicle elastic vibrations on active disturbance
rejection load relief control. Elastic vibrations introduce errors in the attitude angles and
angular rates measured by the inertial navigation system, thereby degrading control per-
formance. For the first and second types of load relief control methods, elastic vibrations
introduce high-frequency elastic components superimposed on the rigid-body states, af-
fecting the feedback of state variables. To mitigate the influence of elastic vibrations on
rigid-body control, the control system design must ensure that the cutoff frequency is
significantly lower than the elastic vibration frequency and incorporate compensation
networks to reduce the excitation of elastic vibrations by the control system [30,31].

The above analysis of the current research landscape indicates that significant individ-
ual studies have been conducted on AAC, LESO, and LR, each demonstrating considerable
effectiveness. However, integrating these modules to enhance capability across diverse
control requirements has not yet been reported in the literature. Furthermore, when these
modules are combined, key questions regarding frequency-domain characteristics analysis
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and their collective impact on system stability margins remain unresolved, necessitating
in-depth investigation. The main contributions of this paper are summarized as follows:

(1) For the ascent flight phase of launch vehicles, an adaptive augmented anti-
disturbance load relief control algorithm was first proposed. This algorithm integrates
PD control, AAC control, a disturbance observer, and a load relief control loop into the
control system, is the first integrated composite control framework to incorporate these
four control algorithms, simultaneously meeting the composite control requirements of
high-precision attitude control, resistance to elastic frequency deviation, sudden wind
disturbance rejection, and active load relief.

(2) Based on sinusoidal function analysis and incorporating an adaptive gain control
law alongside certain trigonometric simplification assumptions, the frequency-domain
analysis results of the AAC controller are derived. This facilitates the theoretical analysis of
system stability.

(3) Based on the frequency-domain analysis framework under elastic effects, The
system’s amplitude margin and phase margin after the integration of PD control, AAC
control, a disturbance observer, and a load reduction control loop are analyzed for the
first time.

The remainder of this paper is organized as follows: In Section 2, the launcher dynam-
ics model, small-perturbation linearization of the dynamic model and state-space model
are discussed. The formulation of the adaptive augmented anti-disturbance load relief
control is presented in Section 3. In addition, stability analysis of the proposed controller
is also developed and proved in Section 4. Simulation results are presented in Section 5.
Lastly, Section 6 concludes this work.

2. Dynamics Model

This paper investigates a single-body configuration solid launch vehicle as shown in
Figure 1. During its ascent phase, the vehicle is powered by a single solid rocket motor,
with bidirectional thrust vector gimballing employed for pitch and yaw control, while the
roll channel remains uncontrolled and is permitted to diverge freely.

Figure 1. Schematic of engine gimbal angle relationship for a solid elastic launch vehicle.

2.1. Dynamics Model State Equation

The dynamics model of a solid elastic launch vehicle adopts the following form given
by Zhang et al. [32].
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mLE = P+ Rs + Pe +mg — mw, x (@ X ) — 2mew, X v
" + w x h = Mt +Ms +Mp + M, +Mp 1)
m = mg — mt

where m is the mass, my is the initial mass of the launch vehicle, m is the consumption
rate of fuel and ¢ is the flight time. P and P, denote the thrust vector and control force
vector. g is the gravity vector. Rg represents the aerodynamic force. w, is the earth’s
rotational angular velocity vector. r and v are the rocket’s position and velocity vectors,
respectively. w and h denote the angular velocity vector and angular momentum of the
launch vehicle, respectively. Moreover, M1, Mg, Mp, Ms, Mp represent the thrust torque,
aerodynamic torque, aerodynamic damping torque, engine swing moment of inertia and
structure disturbance or external disturbance. It should be noted that the elastic effects
have been incorporated into the aerodynamics, thrust, and their control systems.

Considering the effects of elastic vibrations, the dynamic model of the solid launch
vehicle will also incorporate elastic vibration equations as follows:

. ) 1 - = = - -
qi +2§1‘Qil]i + szqi = M(Fp +F3 +Faero +an +Felastics) (2)
i

where g; is the elastic vibration displacement variable, i represents the ith order vibra-
tion equation. ¢; and Q; denote the damping ratio and vibration frequency. M, is the
vibration mass. Moreover, F,, fé, Fuero, Fuy, Felastics are thrust generalized force, gener-
alized inertial force due to engine gimballing, aerodynamic generalized force, apparent
acceleration generalized force and self-excitation of structural elastic vibrations due to
structural elasticity.

To facilitate small-perturbation linearization of the dynamic equations, the dy-
namic model is established in the trajectory coordinate system, yielding the equations
shown below.

. n .
mVe@coso = —mgcosB + Psina + (P(S(p - P‘Z‘,l Riz(xR)qiy + mRZR(Sq)) cos &
i=
n
—l—quC;‘ (DC + awp + “wq) —4Sm Z (f;;l (Cg)xRiz(x)dx) Tiy 3)
1

=1
1 1 n X .
—i—VquC;‘(xd — xT)anl — VQSmigl (fxol ( ;‘)xuiy(x)dx) qiy + Fpy

—mVo = —mgsinfsinc + P(vsina — ) — Pdy — P i Riy(xR)qiz
i=1
. n
—leR5¢ — quCZﬁ (,B + ﬁwp + ﬁwq) — quzl (f;;’ (Cf)xRiy(x)dx) Jiz (4)
1=
_45m

qs n .
v Cf(xd — xT)a)yl + Tmig (f;ol (Cf)xuiz(x)dx) 9z + Fpz

where V is the velocity of the launch vehicle, § is the flight path angle, and ¢ is the flight
path azimuth angle. P, §,, dy denote the thrust, pitch gimbal angle and yaw gimbal angle,
respectively. WX], Ir, mpg stand for axis apparent acceleration, pendulum length of the
engine and swinging mass of the nozzle, respectively. «, B, v represent the angle of attack,
sideslip angle and bank angle. The additional angle of attack and sideslip angle induced by
steady wind are ayp, Bwp. Simultaneously, the additional angle of attack and sideslip angle
induced by wind shear are ay,; and Buy. 4, Sy are the dynamic pressure and the reference
area of launch vehicle. x4, xT, xg are the center of pressure, the center of mass and the
position of swing nozzle. The parameters Cy; and Cf represent the lift coefficient slope and

lateral force coefficient slope, respectively. (C;‘) and (Cé3 ) stand for the lift coefficient
X X
slope and lateral force coefficient slope at station x. Furthermore, xy and x; are the initial
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and final values of the integration position along the launch vehicle longitudinal axis. n
is the modal order of elastic vibration equation. R;,(xr), Riz(xr), Riy(x), Riz(x), Uiy(x),
Ui, (x) are elasticity-related coefficients. The disturbance quantities in the pitch and yaw
channels are defined as Fpy and Fpz. The elastic vibration displacements in the pitch and
yaw directions are denoted as g;, and g;;.

Furthermore, the rotational dynamics equations about the center of mass are expressed as

n n
Jz,wz, + (Jv, = Ix, )Jwx,wy, = —P(xgr — x1)dp — Plzl Uiy (xr)qiy + P(xr — xT)'Z Riz (x)qiy
i=

n X S

—quC,”; (xd - xT) (IX + lxwp + D‘wq) + qsm .21 <f (C%)x(x - X ) iz(x )dX) qu Vv mdzlsz1 (5)
1= X0

L a5n g

v L (f;;' (C)x (x = x7) Uy (x )dx) Giy — MRIR[IR + (xr = ¥7)]0¢ — mRIRWx, 8¢ + Mpz
i=

) n n
Jy,wy, + Ux, = Jz, )wz,wx, = —P(xg — x7)dyp — P‘Zl Uiz (x)qiz — P(xg — JCT).XZl Riy(x)qiz
i= i

n X S
—q5m ¥ <f (C,’?)x(x - xT)Riy(x)dx> qiz — quC,é(xd —xT) (ﬂ + Buwp + ﬁwq) - LV”’mdylZle (6)

i=1 \xg

S n . .
+q7m‘21 (f;: (Cﬁ> (x — xT) ( )dx) qzz leR [lR + (JCR — xT)](SllJ — mRZRWXl(SqJ + MBy
i=

1
dexqsmlzwxl + Mpx )

where ]z, Jy,, Jx, are the moments of inertia for the three channels of the launch vehicle.

Ix,wx, + (Jz, = Jy, ) wy,wz, = —

wx,, Wy,, wz, represent the roll rate, yaw rate and pitch rate, respectively. Cj, Cg denote the
derivatives of normal force and lateral force in the body-fixed coordinate frame. (Cj;), and
(C,ﬂ3 ) are aerodynamic force coefficients at station x in the body-fixed coordinate frame.
I'is the reference length. The aerodynamic damping moment coefficients are denoted as
Mgz, Mgy and mg,. The structural disturbance moments about the three axes are denoted as
Mpx, Mpy and Mpz. Meanwhile, it is assumed here that the position of the rocket’s center
of mass remains unchanged before and after elastic deformation.

Based on Equation (2), the elastic vibration equations for the pitch and yaw channels
can be expanded as follows:

_— . . n .
Mi, (qiy + 260, + Qizqiy> = ( ; 2(XR)qjy + P5<p> Uiy (xr) + mrIrUsy (XR)dg

+(mR112Q5¢+mRZRWX1(5¢)R (XR)-i—qu(f (C“) u; (x)dx)a

$ 0 (5 () () Uiy () o, — qsmlgl(f;ff (C), Uy (1)Rj= () ) g ©
_‘ﬁTmé (S (Cp) Uiy () Uy ()dx) 3, + Qyi
My (G5, + 28i0%;, + O29;2) (P Y Rjy(xr)qj: + P&,,,) Uy, (xg) + mrIRUz (xR)3y
0 ([ (C) Ui (3)d) B = (el + melzWa by Ry () o
rasu (2 (chu z-z<x> jy<x>d )+ B (0 () (x = 3 Ui () Yo,
q5m

T (5 () Ui () Uy () s+ Qu

where M,-q, and Mi#’ denote as the elastic vibration mass of the i-th mode in the pitch
direction and yaw direction, respectively. Q,;, Q.; are other generalized forces.
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The derived apparent acceleration is as follows:

V'\/X1 = Vcosuccosﬁ + Vécosasintxcosﬁ+ Vosin B + gsin ¢ cos
Wy, = —Vsina + V6 cos o cos & + g(sin ¢ sin ¢ siny -+ cos ¢ cos ) (10)
WZ1 = Vcosasinﬁ—l— V9cosasinasinﬁ — Vo cos B+ g(sin gsini cosy — cos ¢ siny)

where ¢, 1, v denote the pitch angle, yaw angle and the roll angle, respectively. WX1/ Wy] ,

W3z, are the axial apparent accelerations of three channels.

2.2. Small-Perturbation Linearization of the Dynamic Model

To facilitate subsequent control system design, the aforementioned dynamic model in
Equations (3)—-(10) must undergo small-perturbation linearization, primarily based on the
following three assumptions: (1) angles related to the yaw and roll directions are considered
small. (2) derivatives of each variable are treated as slowly varying quantities. (3) elastic
deformation displacements are also regarded as small.

Therefore, the small-perturbation linearized equation for the pitch channel is devel-
oped as follows:

. " . . n . _
A0 = cf{Aa+c§AO+ c§ASy + 3 Aoy + ciAP+ Y (cfiqiy + cfiqiy) + '] (wwp + &wg) + Fay
i=1
. A " . n . _
Ap+bIAY+ by Ax+ b A6y + by, " ASy + 121 (bﬁ.qu + b;”iqiy) + b3 (awp + twg) = Mgz,
=

. . . " . n o - .
iy + 28y gy, + O3, 31y = DfiAp + D§Aa+ DGAG, + Dol AS, + jg (Rgﬁqjy + Ri;”qjy> +Qy, (1)

A " . n .
AWy, = K5 (B oy + tag) + k58S + k3T AS + L WY (xa)diy + lax A

n n )
APy = Ay — 421 WI'/(Xm)Qyir szlm = szlm - 'Zl Wj/(Xm)qy,‘
i= i—

where ¢, cf,f,¢;%, ¢l ¢l 3, 'Y, Fpy, b7, 05, b3, b7, b, b, b9, Mgz, DY, DY, DY, D57,
Rg, R;](-P, Ql-y, kL, kY, kg(’), W;P(xa) are dynamic coefficients for pitch channel. For detailed
definitions of the respective coefficients, please refer to the Appendix A. I,y is the position
vector from the center of mass to the IMU mounting location. x, denotes the position of the
IMU. W/(X,,) is the mode shape at the IMU location. A@,;, and Az, ,, are the pitch angle
and pitch rate measured by the IMU. Moreover, A@y;, Awgz, , are the pitch angle and pitch
rate measured by the IMU without elastic signal.

Similarly, the small-perturbation linearized equation for the yaw channel is also

developed as follows:
. e . n . —
o =clp+ o+ ey e Syt it X (el + Gai) + e (Bup + Bur) + Fiz
i=
. . 7 n . o
b+l 030, +b;70y + <b¥]iqiz + bi“?z‘z) + 03 (Bup + Bug) = My,
=1 Mo ee n
iz + 2000l + O iz = DY + DEAS + DYy + Dof by + & (Rl +RY3.) + Qe (12)
=
AWz, = —K) (A — K ASy — Ky ASy — 5 WY (xa) iz — LA
Zy 2 ( B+ ﬁwP + 5wq) 380 3 ) ’Zl 1 (xa)%z ax AP
i=

. n R n )
APy = Dy, — Xl W,‘,(Xm)QZirAlem = A(UYlm - ‘21 Vvi,(Xm)l]Z,‘
1= 1=

D! DY D.Y
4 1ir =2i7 =3i7 7 3i 7
R;I]J., R;;.#, Qizr kg, k;p, k3¢, Wi# (x4) are dynamic coefficients for yaw channel. For detailed

wherec!, cf, el e, e, el b, ¥ Faz, b, 68, 8, 0,7, 0%, b8, b, Mgy, DY, DY, DY

definitions of the respective coefficients, please refer to the Appendix A. Ay, and Ay,
are the yaw angle and yaw rate measured by the IMU. Moreover, Ay, Awy, ,, are the yaw
angle and yaw rate measured by the IMU without elastic signal.
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2.3. State-Space Model Formulation

To facilitate the derivation of the system’s transfer function, the state-space description
method is applied separately to the small-perturbation linearized equations of the pitch
and yaw channels. For ease of exposition, we take the pitch channel as an example

T
|". The

measurement vector is defined as Y = [Ag?)m, Ac&zlm] T and the control vector is defined as

and first define the state variables as X = [0, ¢, ¢, Q19, Gigr - -+ Ings qw, qw,. .., qmp

. 1T
u= {A(S(p, A(S(p} . Then, the small-perturbation linearized Equation (11) can be rewritten
in the following form

X = AX+BU

Y=cCXx =

where A, B, C is defined in the Appendix A. Following the aforementioned method, the
state-space model for the yaw channel can likewise be established and is omitted here for
brevity. The formula for calculating the transfer function corresponding to the state-space
equation is shown below.

G(s)=C(sI—A)"'B (14)

By establishing the state-space equations in MATLAB 2024b and using the dss com-
mand, the calculation can be performed.

3. Adaptive Augmented Anti-Disturbance Load Relief Controller Design

In this section, we will conduct research on the adaptive augmented anti-disturbance
load relief control methodology. A detailed exposition will be provided respectively
through the following four components: PD controller with compensation networks,
adaptive augmented control law, linear extended state observer, and load relief controller.

3.1. PD Control and Correction Network Design

In engineering practice, the design and analysis of the attitude control system are
usually carried out in the frequency domain. During the ascent flight phase of the rocket,
a series of characteristic points (such as liftoff, pitch-over, transonic phase, maximum
dynamic pressure, and the regions near stage separation) are selected to obtain the small-
perturbation equation coefficients for each control channel. The control block diagram
under elastic conditions is shown in Figure 2.

+ +
® " a(()P '® » Gy (s) ——| G, — G;:(s) —
_ Gyr(5) G2 (s)
Gz (8)

Figure 2. Pitch channel control system architecture.

Corresponding PD control parameters are then designed, and the open-loop transfer
function without the compensation network is calculated as shown below.

Gk(s) = — ﬂgGGZ(S);Z((SS)) +ﬂfGST(S);U;((SS)) Gsr(s) (15)

where ag represents the static gain coefficient of the pitch channel, af is the dynamic gain
coefficient, Ggz(s) denote the inertial unit transfer function, Gs7(s) represent the rate gyro
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transfer function, and Gyf(s) is the servo mechanism transfer function. In the preliminary
design of the control system, the position of the rate gyro must first be determined (typically
located at the antinode of the second-order vibration mode) to ensure the stability of the
second-order elastic amplitude. The transfer function Gg; (s) = ¢(s)/dy(s) and Gg; (s)(s) =
wz(s)/d4(s) can be obtained by Equation (14). Then, ag, a4; and the open-loop cutoff
frequency are initially determined. In general, the amplitude margin under rigid-body
conditions should be greater than 6 dB, and the phase margin should be greater than
30°. Finally, by analyzing the Bode diagram, the corresponding correction network can be
designed as follows.
(1) Form 1

gt et @+l (Le+1)(Ls+1)
11 2 20 x 24 204 x 1 1
w—%s +w—zs+1 6735 w—45+1 (w—és—l—l)(w—gs—i—l)

GNE = (16)

where w;(i =1,2,...,7) is the notch center frequency, and {;(i = 1,2,...,8) denotes the
damping ratio.
(2) Form 2

{(w%)zﬂu%sﬂ} {((54) 254s+1} {(§)2+2§6s+1} {(Wiﬁ)ﬂz%sﬂ]

(5‘1+1){<§2)2+2%s+1} {(54 +243s+1H i +25—55s+1 {(wié)2+2g—7ss+1]

(17)

GNF

3.2. Adaptive Augmented Control Design

The adaptive law in an adaptive augmented controller is generally designed in the
following form [1] and Figure 3.

i{a = (kn;;;axk )ae - "‘ku]/s IB(kT - 1)

(18)
kt = ko + ka

PD controller with correction network

(00 i (06 PD Correction » Dynamic ?, wl
N\ Controller % Network Model
uG
High-pass y
Filter
2
d ky Yy
aptive e. Adaptive y
Augmentation . Gain ~ Lo?-pass
Control g Filter
(AAQ) Adaptive gain adjustment law

Figure 3. Diagram of the adaptive augmented control.

In the first expression of the equation, the first term represents the rate of change in
the adaptive gain parameter. The first term on the right-hand side can improve tracking
performance, the second term contributes to exiting unstable states, and the third term
serves as a stabilization coefficient term. Here, a is the error coefficient, « is the gain related
to the elastic signal, and B is the gain coefficient associated with the recovery term, which
generally lies within the range (0, 0.1). e, is the tracking error of the reference model, y;s
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denotes the elastic amplitude signal. k}'®* is the upper limit of the gain parameter, and kg is
the lower limit of the gain parameter. k, represents the adaptive control gain, and kr is the
final open-loop gain coefficient. It can be observed that

max _
L] Term ( kuk;naxka ) ae%

increases kT when the system error is large, thereby enhancing the
controller’s control parameter to reduce the system error.

o Term —ak,ys decreases kT when the system elasticity is excited, thus reducing the
controller’s control parameter to prevent the system from diverging.

e Term —B(kr — 1), through feedback, enables kt to recover toward 1, maintaining it
around 1 when the system operates normally.

The design of the other parts of the adaptive augmented control law is as follows:

(1) Determination of the upper and lower bounds of the gain

Based on the transfer function at a certain characteristic point, it is assumed that
the mass deviation, thrust deviation, aerodynamic deviation, density deviation, center-of-
mass deviation, and moment of inertia deviation are uniformly distributed within 20%.
Without changing the controller’s forward gain k1, a Monte Carlo simulation is performed
to analyze the gain margin and phase margin under normal operating conditions. From the
simulation results, the minimum gain margin is obtained. Then, by solving the following
equation inversely, the upper and lower bounds of the gain can be determined.

2010g;, (K1) = —Gmin

19
201og, (k™) = Gmin (19)

In traditional control system design, it is generally required that Gy, > 6 dB By
setting Gmin = 6 dB, we obtain k%ﬁ“ = 0.5 and kK7 = 2.0, then kg = 0.5 and k"™ = 1.5.
However, in elastic missile design, achieving a 6 dB margin may be difficult. At this point,
we can use the Nichols chart (Nichols analysis method) for the design.

Based on the Nichols chart of the open-loop system before compensation, the aerody-
namic gain margin point GMger, and the rigid-body gain margin point GM, ;4 are obtained.
Then, using equation 2010g;, (K") = —GMgero, the following can be derived.

—GMgero

kRN — 10~ 2 (20)

Similarly, by using 20log,,(K7®*) = GM,;4;4, we have

GCMyjgig

kimax — 10— (21)

For example, the Nichols chart at the 35 s characteristic point is shown in Figure 4.
From the figure, it can be seen that GMero = 2.89 dB, and thus krf‘i“ = 0.717. Since
GMyigig = 4.09, k7% = 1.60.

(2) Reference model design

The reference model is mainly established by constructing a mathematical model
that simulates the missile’s rigid-body controlled motion under nominal conditions. By
adjusting the model parameters, the desired tracking response to the guidance command
is formed. Then, by comparing this with the missile’s actual disturbed attitude response,
the attitude angle error ¢, is obtained. This error serves as the input to the adaptive law,
enabling real-time adjustment of the PD controller gains to improve control performance
online. Based on the PD control parameters, the reference model can be designed as follows:

gs(s) _ _afs+af

= 22
¢c(s)  s2+als+af @2)
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By introducing a delay element, the simplified reference model is obtained as follows:

9g(5) _ w5 28nwns + @y 23)
Pc(s) §2 + 28, wps + w3

where ¢, = af/ (21 / aé’)) , Wy = 4/ ag’, and T is the time delay constant.

Nichols Chart
60 |
40 A~ System: varargout1
/0 Gain (dB): 2.89
5 20 [\ Phase (deg): 540
el / Frequency (rad/s): 0.875
S ; - e "
© / ~®
(g- / g / N/ />/ System: varargout1
e =20 / — il S ‘ Gain (dB): -4.09
2z / ) Phase (deg): 541
2 —40 | // /8 = Frequency (rad/s): 11.9 |
(@) o v 2
*60 'F\’ y /‘
" 4
-80 | \
\_/
-100 =—L L . L L ! 4
-1080 =720 -360 0 360 720 1080

Open-Loop Phase (deg)

Figure 4. Nichols chart of the rocket open-loop system.

(3) High-pass/Low-pass filter

The design parameters of the high-pass and low-pass filters should be determined
based on the launch vehicle’s characteristics, such as the system’s closed-loop cutoff fre-
quency and the first- or second-order elastic vibration frequencies. Appropriate frequency
values and damping ratios should be selected so that the center frequency of the high-pass
filter is higher than the closed-loop cutoff frequency, thereby filtering out the rigid-body
control signals. Meanwhile, the low-pass filter can smooth the vibration signals, providing
information for gain reduction. In this paper, second-order high-pass and low-pass filters
are used to obtain smooth elastic vibration signals, and their structures are as follows:

2

Gup = - Gup = (we”)

HP =7 HP Hpy2’ EP T LP P2
s2 + 28ppwiil's + (wilh) 2 + 28 pwit’s + (wir)

(24)

where w!'F is the center frequency of the high-pass filter, and &pp is generally designed
as 0.9. Moreover, wlF is the center frequency of the low-pass filter, and & p is generally
designed as 1. The elastic vibration amplitude signal is designed as follows:

y = Gpp(s)ug, ys = Grp(s)y* (25)

This equation will cause a frequency folding phenomenon. Therefore, it can be
concluded that w-? = wHP /2.

The typical signal, after passing through the high-pass and low-pass filters, produces
the results shown in Figure 5. According to the results, after the signal y; is processed by
the two filters, it becomes smooth and free from oscillations. This filtered signal can then
be used as the input to the adaptive law for adaptive gain adjustment.
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Figure 5. Results of high-pass and low-pass filtering.

(4) Parameter adjustment design

The core of the adaptive augmented controller is the adaptive law, which includes
multiple control parameters. However, the adjustment of these parameters is challenging;
therefore, this paper proposes an analytical approach for their computation. By setting the
magnitude and distribution of deviations related to disturbances, the maximum values of
the reference model tracking error ¢f"®* (the maximum error between the attitude angle
referenced by the model and the actual attitude angle during the entire flight) and the

max

elastic vibration amplitude signal y"® can be obtained through the Monte Carlo method.
Based on these values, the results shown below can be derived using Equation (18).

max __ Jmin max __ Jmin
g = % E= (kamaxkﬂ) (26)
[e;’“ax} Atgr yS Atys

where At,, denotes the time for k, to change from kf}‘m to k'®*, which reflects the rate of
gain increase. Atys is the time for k, to change from kj;'** to kf}‘m, which also reflects the rate
of gain decrease. To guarantee a robust recovery of kt to 1, = 0.01 is typically chosen as
an initial candidate, and can be adjusted during testing.

3.3. Load Relief Control Design

To achieve long-duration and large-magnitude load relief, this section investigates
the design methodology for active load shedding. It primarily focuses on the design
methods for PI controllers, as well as correction networks, based on acceleration feed-
back for overload information. In the load relief loop, the measured overload values
(AWyl, szl) are primarily leveraged to modify and compensate for the original engine

deflection angle.
o k%s+k? : .
6 = S (AW — LyA)
kbst+k? (o -
o = B (szl - zazmp)

(27)

where k¥ and klzf, denote the overload feedback coefficients. k;P and k;p are integral gains.
lay and I, are the distances between the accelerometer mounting positions and the center
of mass.

3.4. Linear Extended State Observer Design

In this section, a linear extended state observer (LESO) is proposed to further enhance
attitude control precision for controller compensation. Based on the small-disturbance
linearized equations established earlier, taking the pitch channel as an example and consid-
ering only the rigid-body model, the equations are rewritten as follows:
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Ao'c:A(p—k(c?—cf)Aoc—c;PAgo—cé’]A(S(P

Ap = Ag (28)
o _bPAp — b A — BT

Ap = —b]Ap — by Ao — by Ad,

T
Define the state variable as X, = [A(p Ag fq,]  fo = —bf Ap — bg Aw. Then, the
state-space equations can be derived as follows:

(29)

Xo = AoXo + Body + Fof,
Yo = CoXo +v

where v represents the additional attitude angles and angular rate measurements induced
by elastic vibrations. y, = Ag. Moreover, the other variables are designed as

010 0 0
Ao=10 0 1[,Bo= |-t | Fo=|0[C.=[1 0 0]
00 0 0 1

Based on the two equations above, an extended state observer (ESO) is designed
as follows:
Z=AZ+Béy+LIC(X—-Z)+v] (30)

T T
where Z = {21 Z 23} ,L = [ﬁl B2 [33} . 21, zp, and z3 are the observations of

Ag, Ap, and f,, respectively. By, B2, B3 are the observer gains, it is a critical factor that
determines the convergence of the observer. According to the method described in the
existing literature, it is determined by configuring the observer bandwidth wy.

B1 = 3wy, B2 = 3w}, B3 = Wi (31)

Therefore, the disturbance compensation control input is designed as follows:
Z3
OBSOz = g (32)
3

In conclusion, the final design of the adaptive augmented disturbance rejection load
relief controller (exemplified with the pitch channel) is shown below:

R +a(pA.+k?ﬂs+k§’)(AW ledg) + 23 (33)
o =K1 _|2Ap +ajAg s o b
AAC PD control
contro LR control LESO control

4. Stability Analysis of the Proposed Controller

In this section, frequency-domain methods and sinusoidal function analysis are ap-
plied to the four designed modules to evaluate the system’s stability margins, and the
overall stability margin of the whole control system can be calculated. According to the
aforementioned PD control block diagram, after incorporating the load relief control loop,
the following is obtained in Figure 6.

Then, the open-loop transfer function of the system is

[(~a8§Goz(5)GE, (5) — af Gsr(5)GY. () ) Gnr (5)| Gur(5)
Wy

GK(S) - kfs+k?
1= () G, (5)Gos (41612 ()

(34)
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where WdWy

W;Wy( s) = GnE(s). The transfer function from engine nozzle deflection angle to overload

(s) is the correction network of the accelerometer. It can be designed such that

is calculated as follows:

W, kS (Ao + ap + taog) k34’A(5¢ L n iy (t)

_ % 4
Cop = A, Tk TR, Tlvgs, A(S(P 2 W () A(Sq,] (35)

i=1
+
_’®_> a(()ﬂ GNF (S)

Gsf(s) > Gfa (s)

G (5)}a—| Ggg (s)

TG, ()G (5)

Gz (s)

Figure 6. Control block diagram of PD + LR.

Through Laplace transform, when the deviation in the installation position of the
accelerometer relative to the center of mass is removed from the control system feedback,
the following is obtained:

Wy o Da(s) | k3 (awp + twg)

" n
- P ?.2 4
Gs,' (5) = 2 86,(5) T Ao (o) +K§ k75 ) W (x)]

i=1

(36)

When converting the angle of attack to pitch angle and trajectory inclination angle,
the following relationship holds

A " kq)
GW‘/( ) —i? A(P(S) k¢ AG( ) +k§ +k3(P52 (D‘wl’ +D‘wq Z [W xa (S)

5 2R6,(5) 2 Aoy (s) Ao, ( ao,is) )

Substituting this into the previous open-loop transfer function (Equation (15)) allows
for the plotting of the Bode diagram. Next, let us analyze the stability of the LESO.

Considering the correction network at the state input of the observer, the Laplace
transform of Equation (30) yields

sZ(s) = AZ(s) + Bby(s) + L[A¢'(s) — CZ(s)] (38)

where A¢'(s) = Ap(s)GnEe(s). According to the above equation, the transfer function of
the LESO is derived as follows:

23(s) = Gy (5)09(5) + G, (5)Ag'(s) (39)

The specific expression is as follows:

_ b3Bs B3s* /
Z3(S) - 53+ﬁ152+525+ﬁ35¢(5) + 53 +,3152+,325+/33A(P (S> (40)

Then the control law compensated by the LESO is

_ B3 B3s? /
(SESO,z - $3 4 '3152 + ,325 + ,335(P(S) + b3(53 + /3152 + '525 4 ,BB)Aq) (S) (41)
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The controller parameter b can be determined based on interpolation under nomi-
nal operating conditions. Combining the PD controller, load relief controller, and linear
extended state observer results in the block diagram shown in Figure 7.

+
_.®—> a{,” G (5)

+

Gy (s) G; (s) >

Y

Gy ()G (5) |«

Gy ()G ()

T A, .
®_ Sepst+fos+ |

53S2 ? J
= bf(53+ﬁ32+ﬁ23+,53) ‘_GST(S)PG% (S)

G, (s) 1#

Figure 7. Control block diagram of PD + LESO + LR.

From the above block diagram, the open-loop transfer function of the system is
calculated as follows:

[(~20Gez()GY ()~ mGsr()GY, (5) ) G (5)| Gug (5)
1= () Gzl Gur 64161 o)

B
- 53+13152-il5225+133 Gsf(s)
Bss ¢
B e p ) Of ()G, ()Gez(s)

Gk(s) = (42)

To facilitate the stability analysis of the adaptive augmented control law, the adaptive
mechanism in the AAC is rewritten as follows:

) fmax _
k, = (””)aez — akays — B(ko + ko — 1) (43)

max
kg

Due to the control law expression ug = a Ag + a A¢, the equation can be expressed
as ug = e, under the small-disturbance assumption. The stability margin analysis of the
adaptive augmented controller can be conducted using the sinusoidal input signal method,
thereby deriving the time-domain response of the open-loop gain k,. First, assuming the
error e, satisfies the sinusoidal input condition e, = Asin(wt), the following relation is
obtained based on the high-pass and low-pass filter characteristics:

y(t) = A|Gyp(jw)|sin(wt + ¢yp(jw)) (44)

where ¢yp(w) is the phase of the high-pass filter Gyp(s). Furthermore, utilizing the
trigonometric identity (sin(w))? = 0.5(1 — cos(2w)), we can similarly obtain for ys:

ys(t) = 3 A%|Gup(jw) *{|GLp(0)] — |GLp(2jw) | cos(2wt + 2¢ppp(w) + prp(2w))}

. 45
~ 1A% Gyp(jw)|? *5)
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This is due to the fact that |G p(2jw)| < |GLp(0)|. Substituting this condition into the
preceding equations yields

) k"™ — kq 2 1 2 N2 42
kg = t—— aer—zxkai\GHp(]w)\ A= —B(ko+ ks — 1) (46)

max
kg

Further simplification yields

ko = aA?sin?(wt) — (kagaxﬁ sin?(wt) + | Gup(jw) > A% + ﬁ)ku — B(ko — 1)

(47)
= G + Gk,

where G = aA?sin?(wt) — B(ko — 1), G = — (kggax A? sin?(wt) + %‘GHp(jCU)‘ZAZ + ,B)
The error e, = A sin(wt) can then be passed through a low-pass filter, resulting in a filtered
signal sin(wt) that becomes a small constant. The solution to the above equation is

Si}

ko = AleC2t — G

(48)

where A’ is the coefficient of the general solution, and it is an arbitrary constant. Based on

the expressions of G; and G, it can be concluded that ky < 1 implies G; > 0, G2 < 0 and

—G1/Gy > 0. Therefore, the open-loop gain output by the AAC must be a positive number.

Furthermore, since G, < 0, as time increases, t — co, we have ¢“2! — 0 and k, ~ —G;1/G».
G aA?sin®(w

_ t) —Blko —1)
G (e AZsin? (@) + §[Grp (je) P A2 + )

(49)

If the input frequency of e, = A sin(wt) is sufficiently low, then |Gyp(jw)| = 0. Since
B is relatively small (on the order of 0.01), it follows that —G1 /Gy ~ k;*®*. When the input
frequency is high, there is |Gyp(jw)| = 1, the following relation holds
Gy aA?sin?(wt)

_a (50)
G2 (kmﬂx A2 sin?(wt) + ”‘AZ)

When @ > a, then —G1/Gy = 0, ie., k; = 0= kr = kg. In summary, it can be
concluded that when the input signal is low-frequency, the open-loop gain of the AAC will
approach the upper limit value of k7?*; whereas, when the input signal is high-frequency,
the AAC gain kr is less than 1 and approaches kg (i.e., the minimum value). According to
the expression form of Equation (47), the open-loop gain k, is asymptotically convergent
and does not exhibit a chattering problem.

Next, we employ the describing function method to derive the magnitude and phase
response curves of the AAC open-loop gain under different frequency conditions. First,
we again consider using the describing function method for the derivation. Considering
e, = Asin(wt), it follows that e = A% sin?(wt) = ATZ(l — cos(2wt)). In describing function
analysis, typically only the fundamental frequency component is considered. Therefore,

there is
2 2

A A
e = (1 —cos(2wt)) ~ — (51)
2 2
Substituting this into Equation (46) yields

. — . 2
ko = a¢? — hteac? — k, N0 UL g (ko 1k, — 1)

2 . 2
~ §A? — ok, — OO, kg + Ky — 1)

(52)
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After combining and transforming these terms, we obtain

. a - Azll o 2 . 2
ko= 5A%+B(1 —ko) — ZkQWJFEA |Grp(jw)|” + B |ka (53)
The solution of the system is
2{1 & : 2
k, = Ce(ainic + 3 A%Gur () P+ Pt aA” +2p(1 — ko) (54)

o A2 + T Gpp (jw) | A% + 2B

where C is a constant related to the initial value. If we focus solely on the steady-state
solution of the system under different frequencies, then
aA? +2B(1 — ko)

k= A F2PE—Fo) (55)
A% + @[ Gpp(jw)|"A% + 2B

It can be concluded that the system’s amplitude is independent of A (when the
influence of B is not considered). When ky is taken into account, the overall open-loop gain
kt = ko + k; of the system satisfies

2 _
P i . LUl VR—— (56)
k;ﬁ%Az +E|GHP(]'CU)| A? + 2B

Based on the results from the above equation, it can be concluded that the adaptive
augmented control law approximates an open-loop gain in the frequency-domain analysis,
exhibiting only magnitude response without phase response. Then, the block diagram of
the control system with all four control modules combined is shown in Figure 8. Subsequent
stability analysis can be conducted based on this diagram, and Bode plots can be generated.

+
= S Ry

Gy (s)

Gz (s) >

A4

Gy (5)|e—{GZ () |+

Gy () [ G ()

8 A, .
®‘7 S+Bs B+ B |

ﬂ352 4 J
H 5 pr v g) [0 O %)

[y

G, (5)

Figure 8. Control block diagram of AAC + PD + LESO + LR.

5. Simulation and Results

In this section, we consider the following parameters for the solid launch vehicle: a
lift-off mass of my = 35 t, a propellant mass of 21 t, a first-stage engine burn time of 61.6 s
under standard temperature conditions, a specific impulse of 268 s, a launch site altitude of
1006 m, a launch longitude of 110°, a launch latitude of 40°, and a launch azimuth angle of
0°. Here, we focus solely on the first-stage flight phase, which is the most critical during
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atmospheric flight. The PD Control parameters for the pitch and yaw channel are designed
in Table 1.

Table 1. PD Control parameters for the pitch and yaw channel.

Time al g a(‘)” allp
2s 0.592 0.184 0.542 0.164
5s 0.600 0.172 0.550 0.165
10s 0.608 0.162 0.558 0.152
20s 0.716 0.182 0.506 0.132
30s 0.945 0.195 0.405 0.1288
35s 0.9252 0.1886 0.3052 0.1136
40s 0.796 0.146 0.300 0.110
50s 0.480 0.10 0.250 0.100
60 s 0.240 0.06 0.208 0.08

The frequency-domain requirements for the solid launch vehicle are as follows: low-
frequency gain margin not less than 2 dB, high-frequency gain margin not less than 3 dB,
rigid-body phase margin not less than 10°, flexible-mode gain margin not less than 10 dB,
and flexible-mode phase margin not less than 10°. The pitch channel and yaw channel use
the same compensation network parameters. The compensation network is shown below:

. 2s +230525+1 125 +2’%ns+l 25 +2103815+1
ift <12s,G = x 13
PONET L2081 L2y 209 2208511
) 6%1 40 852 85 1302 130 (57)
y 1 22323 +555s+1
T 208
w5+1 2532 s2+ 55 s+1
2:0.64 204 2, 2:0.01
ift>12s G . 2025 2+ Sy s+1 2s +5s+1 9025 +555-s+1
! S ONF = L a0 52+209s+1 L2+ 209541
2001 252 25 502 50 902 90 (58)
16725 24 Tg7 s+1 1
2:0.99 T
167252+ s+l ao5+1

5.1. Frequency-Domain Characteristic Analysis

The table below summarizes the low-frequency gain margin (L-GM), high-frequency
gain margin (H-GM), and phase margin (PM) of the pitch channel for various operating
points under rated conditions with upper/lower deviation limits. It is important to clarify
that the aforementioned upper-bound state collectively represents a scenario where the co-
efficients in the dynamic small-perturbation linearized equations have a positive deviation
of +20%. Conversely, the lower-bound state corresponds to a uniform negative deviation of
—20% for all coefficients in the dynamic equations.

As shown in Tables 2 and 3, the gain and phase margins for both the pitch and yaw
channels meet the stability requirements. With the incorporation of the PI load relief
control loop, where the control parameters are set as kY = 0.001, k:.P = 0.002. Then, the
performances of the pitch channel control system (PD + LR) are listed as follows.

From the results above, after incorporating the PI unloading control loop, the system
GM changes from 2.89 dB to 3.08 dB, and the PM changes from 17 deg to 13.6 deg. This
confirms that the unloading control loop enhances the system GM at the cost of reducing
the PM at 35 s. In Table 4, a comparison of the results in Table 2 indicates that the high-
frequency gain margin is improved at almost all characteristic points, while the phase
margin experiences a slight reduction at these points.
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Table 2. Performances of the pitch channel control system (PD).

Time L-GM H-GM PM L-GM H-GM PM L-GM H-GM PM
(Rated) (Rated) (Rated) (Upper) (Upper) (Upper) (Lower) (Lower) (Lower)
2s 259 7.33 25.7 26.3 6.14 26.0 23.6 8.68 25.0
5s 16.5 7.5 23.1 16.6 6.18 23.0 17.3 8.90 22.5
10s 11.7 7.36 20.8 11.9 6.01 21.0 12.0 8.79 20.2
20s 3.88 6.72 225 4.00 5.85 23.2 3.76 7.79 20.9
30s 3.12 491 17.4 3.25 343 16.6 2.98 5.59 17.1
35s 2.89 4.09 17.0 3.02 3.50 15.7 2.75 529 171
40s 3.02 5.17 14.3 3.13 4.16 13.7 291 6.69 14.1
50s 4.23 6.62 18.2 4.30 5.52 17.9 4.16 8.02 17.8
60 s 7.55 9.40 23.7 7.59 8.22 235 7.53 11.2 23.2
Table 3. Performances of the yaw channel control system (PD).
Time L-GM H-GM PM L-GM H-GM PM L-GM H-GM PM
(Rated) (Rated) (Rated)  (Upper) (Upper) (Upper) (Lower) (Lower) (Lower)
2s 455 7.44 25.1 455 7.14 24.1 455 7.63 24.6
5s 32.7 7.09 25.0 34.6 6.73 21.8 34.6 7.36 247
10s 17.2 7.02 223 17.4 6.51 19.1 20.2 7.48 224
20s 12.0 8.05 224 11.8 7.56 21.3 12.2 8.40 23.2
30s 5.96 7.06 24.1 5.90 6.40 214 5.92 7.59 26.5
35s 5.36 7.59 26.8 5.36 6.88 23.7 5.33 8.18 29.7
40s 3.92 7.08 255 391 6.26 222 3.89 7.81 28.7
50s 6.76 6.44 26.3 6.70 5.52 224 6.75 7.36 30.1
60 s 8.15 6.16 25.5 26.3 5.09 214 26.7 7.31 294
Table 4. Performances of the pitch channel control system (PD + LR).
Time L-GM H-GM PM L-GM H-GM PM L-GM H-GM PM
(Rated) (Rated) (Rated)  (Upper) (Upper) (Upper) (Lower) (Lower) (Lower)
2s 22.1 7.47 23.7 23.7 6.44 23.0 22.7 8.83 23.5
5s 15.2 7.60 21.0 16.2 6.64 21.0 15.2 8.98 20.9
10s 111 7.38 18.6 11.1 6.41 18.1 11.2 8.85 18.5
20s 3.86 6.88 20.2 4.03 6.07 20.2 3.67 8.03 19.2
30s 3.25 4.57 14.4 3.46 343 12.7 3.03 5.95 15.0
35s 3.08 4.30 13.6 3.30 2.94 11.4 2.85 5.49 14.7
40s 3.17 4.53 10.7 3.37 3.46 9.24 2.96 5.98 11.5
50s 4.30 6.99 14.2 4.48 5.46 12.8 413 8.39 14.8
60 s 7.27 8.95 18.8 7.39 7.56 17.0 7.19 10.8 19.5

Assuming the control parameters of the linear disturbance observer are set as wy = 2.
Performances of the pitch channel control system (PD + LR + LESO) are listed in Table 5.

Based on the above results, after incorporating the PI-based power shedding control
loop, the system’s gain margin changes from 2.89 dB to 0.85 dB, and the phase margin
changes from 17° to 14.3° at 35 s. This indicates that the disturbance compensation loop has
a significant impact on both the gain margin and phase margin of the system, resulting in an
error of approximately 2 dB. This outcome aligns with the increase in control gain required
to reduce the steady-state error. Essentially, in such scenarios, disturbance compensation is
typically applied in high-wind regions to minimize steady-state error, and a corresponding
reduction in stability margins is therefore expected.
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Table 5. Performances of the pitch channel control system (PD + LR + LESO).

Time L-GM H-GM PM L-GM H-GM PM L-GM H-GM PM
(Rated) (Rated) (Rated) (Upper) (Upper) (Upper) (Lower) (Lower) (Lower)
2s 20.2 7.44 23.4 5.74 6.21 12.7 20.8 8.79 23.4
5s 12.4 7.56 20.9 12.6 6.64 20.0 12.0 8.96 20.7
10s 6.93 7.55 18.5 7.74 6.41 18.0 6.33 8.81 18.1
20s 1.17 6.89 19.5 1.53 6.08 20.6 0.724 7.94 131
30s 0.942 4.57 15.1 1.29 3.74 13.2 0.517 591 14.7
35s 0.85 3.70 14.3 1.19 2.78 11.8 0.437 5.52 15.0
40s 0.868 491 11.6 1.23 3.59 9.92 0.435 5.98 11.3
50s 1.68 7.03 14.9 2.04 5.46 13.4 1.26 8.39 14.9
60s 4.03 8.88 19.3 4.47 7.58 18.0 3.54 10.9 19.6

Finally, the adaptive augmented control parameters for the pitch channel are designed
as a= 20, @ = 30,000, B = 0.01, wif = 10, W' = 5, &gp = 0.707, &1p = 1, kg = 0.717,
ka0 = 0.283 and k™ = 0.883. Suppose A = 0.05, frequency sweep tests are conducted
using sinusoidal input signals of varying amplitudes and frequencies, yielding the results
shown in Figure 9 based on Equation (56).
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1072 107! 10° 10 102 10° 1072 107" 10° 10’ 102 10°
Frequency (rad/s) Frequency (rad/s)

Figure 9. The open-loop gain kt response of the pitch channel for magnitude (left) and GM (right).

When the value of A is set to 0.05, 0.1, and 0.15 respectively without altering other
parameters, the following results are obtained in Figure 10.
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Figure 10. Bode plot of open-loop gain under different values of A (pitch channel).

Based on the frequency sweep results, the following conclusions can be drawn:
(1) The AAC can be characterized as a feedforward gain block, contributing no addi-
tional phase shift to the system.
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(2) In the low-frequency range, the AAC provides a gain greater than 1, which enhances
the rigid-body stability margins of the system. Conversely, in the high-frequency range, its
gain falls below 1, thereby improving the flexible-body stability margins.

(3) When the 8 term is considered, the AAC gain becomes dependent on the amplitude
of the input signal. This dependency vanishes when f is disregarded. For input signals
with very small amplitudes, the AAC gain is approximately 1 across the entire frequency
spectrum. Conversely, for large-amplitude inputs, the gain in the low-frequency band
saturates at the upper limit of k1, while the high-frequency kr gain settles at its lower
limit. Furthermore, the frequency response trends of the AAC control gains across all
three channels align well with the theoretical predictions. The parameter A predominantly
influences the response in the low-frequency region, with negligible effect on the high-
frequency response. Moreover, a larger value of A results in a higher overall response of
the open-loop gain k.

(4) In the low-frequency range, it increases the gain margin by approximately 3.7 dB,
and in the high-frequency range, it enhances the flexible-body gain margin by about 2.6 dB.

Furthermore, it is evident that the frequency response trend of the AAC control gain
is in good agreement with the theoretical results. The outcomes for cases where only
parameter a is modified, while keeping all other parameters constant, are presented in
Figure 11.

a=20
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Figure 11. Bode plot of open-loop gain under different values of a (pitch channel).

The simulation results indicate that increasing coefficient a raises the open-loop gain.
The corresponding results for an increase in parameter & are shown in Figure 12.
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Figure 12. Bode plot of open-loop gain under different values of & (pitch channel).

As can be seen from the figure, increasing parameter « leads to a lower open-loop
gain (which also converges more rapidly to its minimum value, ko). This effect widens
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the frequency separation, thereby ensuring sufficient stability margins and benefiting
elastic mode stabilization. These results collectively demonstrate the effectiveness of the
proposed method.

Finally, the results obtained by increasing the value of § are presented in Figure 13.
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Figure 13. Bode plot of open-loop gain under different values of B (pitch channel).

As shown in Figure 13, a larger B value drives the open-loop gain k7 closer
to its nominal value of 1, demonstrating its unique regression characteristic. Conse-
quently, the frequency-domain simulation results confirm the effectiveness of the stability
analysis method.

Finally, after incorporating the previously analyzed AAC stability margin module,
the performances of the overall synthesized open-loop transfer function for the AAC +
PD + LESO + LR loop are listed in Table 6. It can be seen that the system’s GM increases
from 0.85 dB to 4.239 dB (at 35 s), representing a significant improvement. The PM,
meanwhile, changes only slightly from 14.3 to 14.4 degrees, indicating minimal impact.
This demonstrates the excellent performance of the AAC. Then, the gain margins and phase
margins of all characteristic points under the rated, upper limit, and lower limit conditions
are listed as follows:

Table 6. Performances of the pitch channel control system (PD + LR + LESO + AAC).

Time L-GM H-GM PM L-GM H-GM PM L-GM H-GM PM
(Rated) (Rated) (Rated)  (Upper) (Upper) (Upper) (Lower) (Lower) (Lower)
2s 22.41 9.95 23.4 25.23 8.67 221 23.12 11.17 23.9
5s 15.42 9.74 20.8 15.59 8.69 19.4 15.08 11.22 214
10s 10.48 9.59 18.5 10.97 8.37 17.7 9.89 10.69 19.1
20s 4.65 9.21 19.5 6.03 6.32 20.5 427 9.48 17.5
30s 4.37 6.93 15.1 4.67 5.84 13.8 3.95 8.28 159
35s 426 6.44 14.3 4.54 5.36 129 3.86 7.76 154
40s 422 7.09 11.5 4.49 5.85 10.3 3.81 8.62 12.4
50s 5.14 8.91 14.9 543 7.67 13.7 471 9.67 15.7
60s 7.43 11.35 19.3 7.93 9.89 17.9 7.10 11.3 19.3

According to the list results, the system’s GM has been improved across the board,
and the PM meets the requirements. Therefore, the simultaneous incorporation of the LR
control loop, the LESO loop, and the AAC loop can satisfy different control performance
indicators without causing mutual coupling that affects the system’s stability margins.
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5.2. Analysis Simulation Analysis of PD Control

In this section, we proceed to test the aforementioned PD controller and correction
network in the time domain. The disturbance conditions of upper and lower deviations
considered during the simulation are listed in Table 7. It should be noted that wind distur-
bances include steady wind and wind shear. The wind shear is modeled as a triangular
wave and applied three times during the powered flight phase: during 20-30 s, 40-50 s,
and within the altitude range of 10 km to 12 km. The maximum wind speed of the shear
wind is 20 m/s. Moreover, the simulation step is set to 5 ms.

Table 7. Values of the upper deviation condition and lower deviation condition.

Number Parameters Upper Deviation Lower Deviation
1 Axial force coefficient 15% —15%
2 Normal force coefficient 20% —20%
3 Side Force Coefficient 20% —20%
4 Atmospheric density 20% —20%
5 Centroid eccentricity 20 mm —20 mm
6 Moment of Inertia 10% —10%
7 Aerodynamic moment coefficient 30% —30%
8 Mass error 200 kg —200 kg
9 Wind angle 45° 45°
10 Elastic frequency 20% —20%
11 Mode shape 20% —20%
12 Mode shape slope 25% —25%
13 Coefficient of the elastic motion equation 30% —30%
14 Engine burn time and consumption rate of fuel (66.6 s, m = 315.315) (56.6 s, m = 371.024)

The specific simulation results are presented in Figure 14.
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Figure 14. Control performances of the PD controller.

As evidenced by the simulation results, the PD controller and compensation network
designed in this paper successfully meet the pitch and yaw attitude control requirements
under both upper and lower deviation conditions. The maximum attitude deviation
remains below 5°, while the maximum engine deflection angle does not exceed 2.5°. The
roll angle exhibits a maximum divergence of 30 degrees, all of which satisfy flight stability
requirements. Furthermore, the absence of excited elastic vibration signals confirms the
stability of the flexible system.
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5.3. Simulation Analysis of PD Control and PI-LR Feedback Control

The PI-LR feedback control is applied from 6 s to 50 s, with 2 s ramp signals incor-
porated for both its engagement and disengagement. The PI-LR control parameters are
designed as kf, = 0.001, kf-o = 0.002. The load relief control is exclusively designed within
the pitch channel controller and is not implemented in the yaw channel. When considering
the upper deviation states, the results are as shown in Figure 15.
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Figure 15. Control performances of the PI-LR controller under the upper deviations.

The simulation results indicate that the load relief control loop not only reduces the
pitch angle error, engine swing angle, and aerodynamic bending moment by up to 10%,
but also effectively ensures attitude stability.

5.4. Simulation Analysis of PD + AAC Control

The AAC control parameters are set to be wl‘P =5, w?P =10,¢ygp = 0.707,¢1p = 1,
a = 20, & = 30,000, B = 0.01, k™ = 1.6,kg = 0.717 and k,;(0) = 0.283. The control
parameters for the yaw direction are set the same as those for the pitch channel, and
will not be reiterated here. Other simulation interference conditions are the same as
previously mentioned. When considering the aforementioned upper deviation condition,
the simulation results obtained using the designed AAC control parameters and control
outcomes are shown in Figure 16.
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Figure 16. Control performances of the AAC controller under the upper deviations.

According to the simulation results, the conventional PD controller produces signifi-
cant attitude errors under the upper deviation condition. Consequently, after introducing
AAC, the open-loop gain will gradually remain consistently greater than 1 (the max kT
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is 1.368), thereby reducing the system’s steady-state error, albeit with an increase in the
engine deflection angle.

Next, under rated conditions, and considering that the first-order elastic vibration
frequency deviation increases to —35% while other control settings remain unchanged, the
simulation results are as shown in Figure 17. According to the simulation results, when the
AAC controller is applied under conditions of elastic frequency deviation, the open-loop
gain is reduced to approximately 0.78 compared to the PD controller, thereby increasing
the frequency separation and ensuring the system’s elastic stability.
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Figure 17. Control performances of the AAC controller under the elastic frequency deviation.

5.5. Simulation Analysis of PD + LESO Control

First, the upper limit condition is considered, with the load relief control loop initially
excluded. Only the loop incorporating the Linear Extended State Observer (LESO) is added,
where the LESO control parameter is set as wy = 2. The corresponding results are shown

in Figure 18.
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Figure 18. Control performances of the LESO under the upper deviations.

Based on the simulation results presented above, the introduction of the LESO has
demonstrated a significant effect on attitude angle error control. The maximum attitude
angle error has been reduced from 4.0° to 2.8°. Furthermore, the engine deflection angle
has been notably decreased in the high-wind zone, while the Y-direction overload and
aerodynamic bending moment have also been reduced to some extent. These results
collectively validate the excellent control performance achieved by integrating the LESO
with the PD controller.
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5.6. Simulation Analysis of PD + AAC + LESO + LR Control

In this section, we integrate the PD controller, AAC controller, Linear Extended State
Observer (LESO), and PIload relief controller for comprehensive validation. The simulation
results obtained are shown in Figure 19.
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Figure 19. Control performances of different controller under the upper deviations.

The summary of performance comparison of different controllers in time domain
analysis are list in Table 8.

Table 8. Performance comparison of different controllers.

Performance

Maximum Attitude Peak Engine Gimbal Peak

Controller Error (Pitch) Angle Overload Peak Bending Moment
PD 4.749 3.522 0.6707 9050
PD + LR 4.598 3.415 0.6288 8546
PD + LESO 3.094 3.391 0.6244 8615
PD + AAC 4.385 3.962 0.6384 9567
PD + LESO + LR 3.094 3.443 0.6024 7419
PD + LESO + AAC 3.092 3.413 0.6248 8576
PD + LR + AAC 4.234 3.621 0.6336 8902
PD + LESO + LR + AAC 3.091 3.461 0.6049 7381

Based on the results presented above, it can be observed that after the integration
of AAC, all four components-the AAC controller, PD controller, load relief loop, and the
Linear Extended State Observer (LESO)-successfully perform their respective functions.
This integrated approach not only achieves a reduction in attitude error but also ensures a
decrease in the engine nozzle deflection angle. Consequently, the loads during flight are
reduced, thereby guaranteeing the structural safety of the missile.

5.7. Monte Carlo Analysis

Next, we utilize the data from Table 7 as the 3-sigma amplitude boundary to generate
normally distributed random numbers as combined disturbances. Simultaneously, for
the steady wind direction angles, uniformly distributed random numbers are generated
to cover eight directions: 0°, 45°, 90°, 135°, 180°, 225°, 270°, and 315°. Moreover, the
initial values of pitch angle and pitch rate are both 10 (3¢) and consider a maximum 5%
deviation in the control gain. A Monte Carlo dispersion analysis is then conducted with
500 simulation runs, and the results are shown in Figures 20 and 21.
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Figure 20. Control performances of the AAC + PD + LESO + LR under the Monte Carlo.
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Figure 21. KT for the pitch channel (Monte Carlo).

Based on the results presented above, it can be concluded that the composite controller
formed by integrating AAC, PD, LESO, and the load relief loop demonstrates a significant
reduction in attitude angle error curves under Monte Carlo dispersion analysis conditions.
This clearly indicates its superior control performance.

6. Conclusions

This paper addresses issues such as large disturbances, load relief control, and anti-
frequency deviation control in solid launch vehicles by designing an adaptive augmented
anti-disturbance load relief controller. The stability of the entire system is analyzed using
frequency-domain methods. Individual stability analysis of each module shows that the
AAC controller significantly improves the system’s stability margin. Frequency-domain
analysis also indicates that the AAC can be equivalent to an open-loop amplification
factor with no phase change. The LR controller provides only moderate improvement in
system stability, and the inclusion of the LESO module even reduces the system’s stability
margin. Furthermore, time-domain simulation results demonstrate that the LR controller
achieves over 10% load reduction, the LESO reduces steady-state error by 1.2°, and the AAC
enables stable control under elastic frequency deviations of —36%. However, the integrated
composite control method can effectively combine these advantages and disadvantages,
resulting in a stability margin superior to that of a single method. Finally, large-scale Monte
Carlo simulations confirm that the integration of these four modules effectively enhances
system performance, meeting multiple constraints such as high-precision control, load
relief, and elastic stability control.

https://doi.org/10.3390/aerospace13050415


https://doi.org/10.3390/aerospace13050415

Aerospace 2026, 13, 415

28 of 31

Author Contributions: Conceptualization, L.Z. and R.C.; methodology, L.Z. and R.C.; software, L.Z.
and R.C,; validation, R.C., T.L. and X.L.; formal analysis, T.L. and X.L.; investigation, L.Z. and R.C.;
resources, W.Q.; data curation, L.Z. and R.C.; writing—original draft preparation, L.Z.; writing—

review and editing, R.C.; visualization, R.C., T.L. and X.L.; supervision, W.Q.; project administration,
L.Z.,, T.L. and X.L.; funding acquisition, W.Q. All authors have read and agreed to the published

version of the manuscript.

Funding: This research was funded by the Natural Science Foundation of Jiangsu Province (Grants
No BK20230134) and Guangdong Provincial Natural Science Foundation General Project (Grant No.

2025A1515012403).

Data Availability Statement: The datasets generated and analyzed during the study are available

from the corresponding author on reasonable request.

Conflicts of Interest: The authors declare no conflicts of interest.

Appendix A
g Pcosa+573C;qSm , ¢sind , Pcosa 7y mglgcosa
‘= mV e A A mV
57.3q5mCy (xq — x1) 57 3qS CyaSm
P _ P _ Syfom
‘4= v (o= =T b (C5) U] = =
1 F
c;”i = —W(Pcos aR;;(xR) +57.3q5mffol (Cg)x iz(x)dx) Fpy = %
b = 57.3qSmmg.1* by — 57.39SmCh (x4 — xT) b — P(xg — x7) + mrlgWx,
Jz,V. Jz, ’ Jz,
" i — l 7.
plo — MR RE(XR] xr) + R)’bﬂ _ _5]3’#& (C2) (% — x7) Uy (x)dx
Z Z
1 ¥
by = T [ PRz (xr)(xr — x1) + PUjy(xR) — 57.3q5m (f (CR)x(x — x7)Riz (x)dx
1 X0
_ M M
Msy, = Bz, + Mgz
Jz,
57.3gS 57.3gS
DY, = Mqvmf"’ (C2) Uy () (x — x7)dx, DY, = " mel u;, ), dx
1p .
D? — Puiy(xR) + leRWXlRiz(xR) D”(p _ leRuzy(xR) + leRRzz(xR)
3 T Miq) /30 Migo
PU;, (xg)Rj,(x 7.
gy — Py Cr)Ri=(xr) 57395, S (C8) Uiy () Ry, (x)dx
] 57.3 SMi(P Mi(P Qi
R = — 22T () Uy (x) Uy (x)dx, Qy =

kgj = qsmcﬁ/m/ kf = quC?\;/m, Wiq)(xa) = PRiz(xu)/m/k3q) = mglr/m

y_ P+573CLaS sy _ 573CEqSn y _gsing P my_ mplg

! W T Ty T T S Ty T
g _ 57.3q5mCz (xa — X1) = Fsz o _ 57345
€y = JFpz=——C,0p = = ( ) (x)dx
mv?2 mV C1i mVZ
1
C;Pi = W (PRiy(xR) + 573qsmfxf)’ (Cg) xRiy(x)dx>

)

https://doi.org/10.3390/aerospace13050415


https://doi.org/10.3390/aerospace13050415

Aerospace 2026, 13, 415 29 of 31
p _ 57.3qSuma,l* b 57.34SmCh (x4 — x7) p¢ _ Pl —x7) + mRIgWy,
1 zjyl(gl l 2) Ix) ]Y1573 S - % M
my _ mRIR((xr —x7) +IR) 9 _ 57.3q5m (x (B _ , My, — BN
by I /b = TV Ja (C,L>x(x xr) Uiz (x)dx, Mpy, = I
X]
bg]l = F PLI,-Z(xR) + P(XR — xT)Riy(xR) +57.3q5m (f (CE)Y(X — xT)Riy(x)dx>}
1 X0 i
[/ 573qS . B ) 75736]5 B
DY = W\/mﬂ: (Cn)xll,-z(x)(x — xp)dx, DY, = mm S5 U (x) <C,,)xdx
py _ PUiz(xr) — mrIrWx, Ry (xg) p'v _ MrIrUiz(xr) — mRIZ Ry, (xR)
PRy ] . "
PU;, (xgr)R;, (x 57.3gS
p _ DMz Ry AR qom rx; (~P ) ,
= PR T () ot
o _57.3q m px; B ) ) A iz
Rij - Milpv jx[) (Cn)xutz(x)ujz(x)dxr sz - Mi(p
[y —cf o cy ch s c 0 0 0 0 i
0 0 1 0 0 0 0 0 0 0
? ¢ ¢ ¢ 9 9
(3 G S - —bg, —b9, 0 0 0 0
0 0 0 0 0 0 1 0 0 0
0 0 0 0 0 0 0 1 0 0
A= 0 0 0 0 0 0 0 0 1 0
0 0 0 0 0 0 0 0 0 1
2 ¢ 9 ®
0 0 0 -0} +R} RY, R, ~261,Qy 0 0 0
¢ ¢ 9
0 0 0 RS, —-03, + R, RS, 0 —285,(, 0 0
0 0 0 0
L 0 0 0 R, RY, R, -0, + R}, 0 0 0 —28yQuy |
c—19 T 0 —Rpz(xpt) —Rpaz(xpt) —Rpaz(xpt)  —Rpaz(xpt) 0 0 0 0
0 01 0 0 0 0 —Riz(xst)  —Rioz(xst)  —Ryaz(xst)  —Ryaz(Xst)
- (P ,,qj -
C3 C3
0 0
@ "o
—by  —bs
0 0
0 0
B = 0 0
0 0
? "o
Dy 31
¢ [4
D3, D/3,2
@ ¢
D3, D/3/3
¢ [
L D3y Dy |
References

1.  Zhang, L.; Liu, S.;; Zhao, KW.; Hu, C.M. Parameters Design and Stability Margin Analysis of Adaptive Augmenting Control for
Launch Vehicle. Syst. Eng. Electron. 2024, 46, 271-279.

Conference; AIAA Paper 2012-4549; ATAA: Reston, VA, USA, 2012. [CrossRef]

Orr, J.; Van Zwieten, T. Robust, Practical Adaptive Control for Launch Vehicles. In AIAA Guidance, Navigation, and Control

https:/ /doi.org/10.3390/aerospace13050415


https://doi.org/10.2514/6.2012-4549
https://doi.org/10.3390/aerospace13050415

Aerospace 2026, 13, 415 30 of 31

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Vanzwieten, T.; Gilligan, E.T.; Wall, J.; Ort, ].S.; Miller, C.J.; Hanson, C.E. In-Flight Suppression of an Unstable F/A-18 Structural
Mode Using the Space Launch System Adaptive Augmenting Control System. In AIAA Guidance, Navigation, and Control
Conference; AIAA Paper 2015-2870; AIAA: Reston, VA, USA, 2015.

VanZwieten, T.S.; Gilligan, E.T.; Wall, ].H.; Orr, ].S.; Miller, C.J.; Hanson, C.E. Adaptive Augmenting Control Flight Character-
ization experiment on AN F/A-18. In 2014 American Astronautical Society (AAS) Guidance, Navigation, and Control Conference
Breckenridge; ALIAA Paper, 2014-7341; AIAA: Reston, VA, USA, 2014.

Dennehy, C.J.; Vanzwieten, T.S.; Hanson, C.E.; Wall, ].H.; Miller, C.J.; Gilligan, E.T.; Orr, J.S. Flight Testing of the Space Launch System
(SLS) Adaptive Augmenting Control (AAC) Algorithm on an F/A-18; NASA Report, NASA /TM 2014-218528 NESC-RP-13-00847.2014;
NASA: Washington, DC, USA, 2014.

Miller, C. Nonlinear Dynamic Inversion Baseline Control Law: Flight-Test Results for the Full-scale Advanced Systems Testbed
F/A-18 Airplane. In AIAA Guidance, Navigation, and Control Conference; AIAA Paper 2011-5950; AIAA: Reston, VA, USA, 2011.
Hanson, C.E.; Miller, C.J.; Zwieten, T.S.V.; Gilligan, E.; Orr, J.; Wall, ].H. Launch Vehicle Manual Steering with Adaptive
Augmenting Control: In-Flight Evaluations of Adverse Interactions Using a Piloted Aircraft. In AIAA Guidance, Navigation, and
Control Conference; AIAA Paper 2014-17296; AIAA: Reston, VA, USA, 2014.

Frost, S.A.; Balas, M.J.; Wright, A.D. Augmented Adaptive Control of a Wind Turbine in the Presence of Structural Modes. In
American Control Conference, Marriott Waterfront, Baltimore, MD, USA, 30 June-2 July 2010; IEEE: Piscataway, NJ, USA, 2010.
Wall, ].H.; Orr, ].S.; Vanzwieten, T.S. Space Launch System Implementation of adaptive Augmenting Control. In American
Astronautical Society (AAS) Guidance, Navigation, and Control Conference, Breckenridge, CO, USA, 31 January-5 February 2014; NASA:
Washington, DC, USA, 2014.

Orr, ].S. Optimal Recursive Digital Filters for Active Bending Stabilization. In Proceedings of the AAS Guidance, Navigation, and
Control Conference, Breckenridge, CO, USA, 1-6 February 2013.

Vanzwieten, T.; Zhu, ].].; Adami, T.; Berry, K.; Grammar, A.; Orr, ].S.; Best, E.A. Stability Assessment and Tuning of an Adaptively
Augmented Classical Controller for Launch Vehicle Flight Control; NASA Report, M13-2969; NASA: Washington, DC, USA, 2014.
Orr, J.; Wall, J.; VanZwieten, T.; Hall, C. Space Launch System Ascent Flight Control Design (AAS 14-038). Adv. Astronaut. Sci.
2014, 151, 141-154.

Hanson, C. Capability Description for NASA’s F/A-18 TN 853 as a Testbed for the Integrated Resilient Aircraft Control Project; NASA
Report, DFRC-972; NASA: Washington, DC, USA, 2009.

Brinda, V.; Narayanan, A.; Kishore, W.A. Classical Adaptive Augmentation Control for a Typical Second Generation Launch
Vehicle. [FAC-Pap. 2016, 49, 670-675. [CrossRef]

Orr, J.S. Modeling and Test of Space Launch System Core Stage Thrust Vector Control. In Proceedings of the Aerospace Control
and Guidance Systems Committee Meeting, Napa, CA, USA, 15-18 March 2016.

Zhang, L.; Wei, C.; Jing, L.; Cui, N. Heavy Lift Launch Vehicle Technology of Adaptive Augmented Fault Tolerant Control. In
Chinese Guidance Navigation and Control Conference, Nanjing, China, 12-14 August 2016; IEEE: Piscataway, NJ, USA, 2016.

Trotta, D.; Zavoli, A.; De Matteis, G.; Neri, A. Optimal Tuning of Adaptive Augmenting Controller for Launch Vehicles in
Atmospheric Flight. J. Guid. Control Dyn. 2020, 43, 2133-2140. [CrossRef]

Gui, L,; She, Y.C.; Hu, C.M.; Ding, H.Y. A New Approach to Design the Adaptive Augmentation Controller for Launch Vehicle.
Aerosp. Control 2022, 40, 50-56. [CrossRef]

Pei, ].; Rothhaar, P. Demonstration of the Space Launch System Augmenting Adaptive Control Algorithm on Pole-Cart Platform.
In AIAA Guidance, Navigation, and Control Conference, Kissimmee, FL, USA, 812 January 2018; AIAA: Reston, VA, USA, 2018.
[CrossRef]

Miller, L.J.; Pei, J.; Rothhaar, P. Demonstration of the Space Launch System Augmenting Adaptive Control Algorithm on a
Quad-Rotor. In AIAA Guidance, Navigation, and Control Conference, Kissimmee, FL, USA, 8-12 January 2018; AIAA: Reston, VA, USA,
2018. [CrossRef]

Vanzwieten, T.S.; Hannan, M.R.; Wall, J.H. Evaluating the Stability of NASA’S Space Launch System with Adaptive Augmenting
Control. CEAS Space J. 2018, 10, 583-595. [CrossRef]

Wall, ].H.; Orr, J.S.; Vanzwieten, T.S. Nonlinear(Lyapunov) Stability of the Space Launch System Flight Control System with
Adaptive Augmenting Control. In American Astronautical Society (AAS) Guidance, Navigation, and Control Conference, San Diego, CA,
USA, 7-11 January 2019; AIAA: Reston, VA, USA, 2019.

Angelov, ].; Yoon, Y.E,; Johnson, E.N.; Holzapfel, F. Analytical Derivation of the Sinusoidal Input Describing Function for Adaptive
Augmenting Control Algorithms. In AIAA Guidance, Navigation, and Control Conference, Kissimmee, FL, USA, 8-12 January 2018;
ATAA: Reston, VA, USA, 2018.

Hall, C.; Lee, C.; Jackson, M.; West, M.; Whorton, M.; Brandon, J.; Brandon, J.; Hall, R;; Jang, ].W.; Bedrossian, N.; et al. Ares 1
flight control system overview. In AIAA Guidance, Navigation and Control Conference and Exhibit, Honolulu, HI, USA, 18-21 August
2008; ATAA: Reston, VA, USA, 2008. [CrossRef]

https://doi.org/10.3390/aerospace13050415


https://doi.org/10.1016/j.ifacol.2016.03.133
https://doi.org/10.2514/1.G005352
https://doi.org/10.16804/j.cnki.issn1006-3242.2022.03.009
https://doi.org/10.2514/6.2018-0608
https://doi.org/10.2514/6.2018-0609
https://doi.org/10.1007/s12567-018-0211-y
https://doi.org/10.2514/6.2008-6287
https://doi.org/10.3390/aerospace13050415

Aerospace 2026, 13, 415 31 of 31

25.

26.

27.

28.

29.

30.

31.

32.

Jang, ] W,; Alaniz, A.; Hall, R.; Bedrossian, N.; Hall, C.; Ryan, S.; Jackson, M. Ares I flight control system design. In AIAA Guidance,
Navigation, and Control Conference, Toronto, ON, Canada, 2-5 August 2010; NASA: Washington, DC, USA, 2010. [CrossRef]

Orr, ].S.; Wall, ].H.; Vanzwieten, T.S.; Hall, C.E. Space launch system ascent flight control design. In American Astronautical Society
(AAS) Guidance, Navigation, and Control Conference, Breckenridge, CO, USA, 31 January—4 February 2014; NASA: Washington, DC,
USA, 2014.

Song, Z.Y,; Liu, L.D.; Chen, X.E; Xu, S.; Wu, Y. Development and Key Technologies of Long March 8 Family: China’s Next-
generation Medium-lift Launchers. J. Astronaut. 2023, 44, 476-485. [CrossRef]

Zhao, Y.Z.; Wang, Z.Y.; Song, Z.Y.; Zhang, P.Z. Assessment on Accelerometer Based Load Relief Control for Launch Vehicle. J.
Astronaut. 2022, 43, 393-402. [CrossRef]

Song, Z.Y,; Pan, H.; Xu, S.; Li, J.; Yuan, H.; Wang, C. Comprehensive Load Relief of Launch Vehicle with the Constraints of Legacy
Stages. AIAA J. 2022, 60, 4991-5003. [CrossRef]

Piao, M.N.; Chen, Z.G.; Sun, M.W.; Chen, Z.Q. Adaptive aeroservoelasticity suppression of hypersonic vehicles. Acta Aeronaut. Et.
Astronaut. Sin. 2020, 41, 46-60.

Zhou, H.; Wang, X; Li, X.; Cui, N. Trajectory Planning for Reusable Launch Vehicle with Multisolution-Based Maximum Entropy
Reinforcement Learning. IEEE Trans. Aerosp. Electron. Syst. 2025, 61, 11613-11627. [CrossRef]

Zhang, L.; Ju, X.Z.; Cui, N.G. Ascent control of heavy-lift launch vehicle with guaranteed predefined performance. Aerosp. Sci.
Technol. 2021, 110, 106511. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/aerospace13050415


https://doi.org/10.2514/6.2010-8442
https://doi.org/10.3873/j.issn.1000-1328.2023.04.002
https://doi.org/10.3873/j.issn.1000-1328.2022.04.001
https://doi.org/10.2514/1.J061610
https://doi.org/10.1109/TAES.2025.3568421
https://doi.org/10.1016/j.ast.2021.106511
https://doi.org/10.3390/aerospace13050415

	Introduction 
	Dynamics Model 
	Dynamics Model State Equation 
	Small-Perturbation Linearization of the Dynamic Model 
	State-Space Model Formulation 

	Adaptive Augmented Anti-Disturbance Load Relief Controller Design 
	PD Control and Correction Network Design 
	Adaptive Augmented Control Design 
	Load Relief Control Design 
	Linear Extended State Observer Design 

	Stability Analysis of the Proposed Controller 
	Simulation and Results 
	Frequency-Domain Characteristic Analysis 
	Analysis Simulation Analysis of PD Control 
	Simulation Analysis of PD Control and PI-LR Feedback Control 
	Simulation Analysis of PD + AAC Control 
	Simulation Analysis of PD + LESO Control 
	Simulation Analysis of PD + AAC + LESO + LR Control 
	Monte Carlo Analysis 

	Conclusions 
	Appendix A
	References

