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ABSTRACT

The paper focuses on the problem of pre-programmed trajectory tracking control under
uncertain wind conditions for unpowered flight vehicles operating at transonic and subsonic
speeds. In the vertical plane, the trajectory is assumed to be affected by the environment at low
altitudes, where complex and unpredictable winds often occur, manifesting randomly as gusts,
turbulence, or longitudinal winds. The influence of wind can cause significant deviations from the
pre-programmed trajectory by hundreds of meters. To cope with these wind effects and improve
the impact point deviation, an adaptive control combining Linear Quadratic Regulator (LOR) and
Recursive Least Squares (RLS) based on model parameter estimation is implemented.
Consequently, the adaptive LOR exhibits a flexible response and achieves high accuracy in
tracking the pre-programmed trajectory. Compared with a non-adaptive one, adaptive LOR
shortens the impact point deviation from tens of meters to meters.
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1. INTRODUCTION

In recent decades, research on unpowered flight vehicles (UFVs) has been receiving increasing
interest, although general terminology has yet to be unified. Several studies have addressed a
variety of key issues for UFVs, including modeling [1-3], flight guidance laws [4, 5], flight control
[6, 7], range-extension trajectories [8, 9], and maneuver trajectories [ 10]. Building upon this topic,
the paper presents the problem of pre-programmed trajectory tracking control of UFVs during the
target approach stage (stage 3).
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Figure 1. Schematic of the pre-programmed trajectory of UFVs.

Previous studies have shown that the pre-programmed trajectory of UFVs consists of 3 stages
[8-10]: Range extension, Kiax, and target approach (figure 1).

There are several reasons why it is necessary to focus on the pre-programmed trajectory
tracking control for UFVs during stage 3 (target approach).
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It can be seen that during stages 1 and 2, UFVs operate at a high altitude, maintain a
considerable range from the target, possess substantial reserves of kinetic and potential energy,
have a stable GNSS satellite signal, and have a relatively long flight duration. Therefore, the
control to correct the trajectory error of UFVs can be considered to be highly effective. However,
when entering stage 3, UFVs operate at low altitudes below 3,000 meters and range less than 20
kilometers from the target, controlling UFVs may be more difficult for some reasons. During this
stage, UFVs may encounter difficulty in updating or correcting their position using GNSS satellite
signals due to adverse weather conditions, obstructive terrain, or electronic countermeasures.
Under such adverse flight conditions, if combined with unpredictable wind effects, the impact
point of UFVs may deviate significantly by hundreds of meters from the pre-programmed
trajectory, even though the terminal stage 3 only lasts a few tens of seconds.

Assuming that UFVs use a combined GNSS/INS navigation system, when the GNSS satellite
signal is completely unavailable, the INS can continue to operate independently, with the
cumulative error from its sensors remaining negligible for several tens of seconds. With the aim
of reducing the impact point deviation of UF Vs, this work tries to use controls to compensate for
trajectory errors induced by unpredictable wind effects. However, the PID control application has
difficulty in selecting coefficients Kp, K;, and Kp suitable for wind variation. Meanwhile,
traditional LQR control uses the fixed-parameter system model; therefore, its adaptability is
limited, and it lacks flexibility. As a result, the impact point deviation of UFVs from the pre-
programmed trajectory remains relatively large, which can reach several tens of meters.

To improve the impact point accuracy of UFVs under unpredictable wind conditions, this work
uses the adaptive LQR, where the control is continuously updated based on real-time parameter
estimation to compensate for trajectory errors induced by unpredictable wind effects. The
parameter-adaptation mechanism is formulated based on flight dynamics. This work focuses on
the control of UFVs in the vertical plane, and the measurement errors of the control system have
not yet been considered.

2. LQR-BASED ADAPTIVE CONTROL FOR UFVs OPERATING IN
UNPREDICTABLE WIND ENVIRONMENT

2.1. Wind models

The paper investigates the effects of unpredictable winds on the dynamics of UFVs in the
vertical plane. These winds, whose amplitude, frequency, and scale are uncertain, can vary
randomly. To comprehensively capture the extreme conditions that UFVs might encounter, the
study uses several representative wind models, including gusty wind, turbulent wind, and
longitudinal wind (either headwind or tailwind along the flight path). The wind models are
presented in table 1 [11-13].

Table 1. Wind models.

Gusty wind Longitudinal wind Turbulent wind ) )
Type : Unit | Wind field
Step 1 — cos(*) Gaussian
wW. —
W = Wo 70(1 —cos(2x i Lxs )j W,+o,.z, m/s | x;<x<x.
Where:

L = x¢ - xs, the wind field is defined between x; and x. coordinates;s
ow - The standard deviation of wind fluctuations around the mean wind W, (wind amplitude);

zw~ N(0, &), i.e., a normal random variable with zero mean and variance (o).
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2.2. Flight dynamics of UFVs under the influence of wind

When analyzing the UFV operations under wind conditions, its velocity is considered in terms
of airspeed (V,) and groundspeed (V) (figure 2).
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1// /7 x
X Vv

Figure 2. Schematic of the relationship among flight kinematic angles, airspeed,
and groundspeed of UFVs under wind influence.

According to the effect of wind (W), the aerodynamic forces are calculated based on the
airspeed V., while the trajectory coordinates are calculated based on the groundspeed V.

- Lift force:
1 >
Ya = ECyIDVu Slef (1)

where C, - Lift coefficient, p - Density of atmosphere, S,.r - Reference area of UFVs.

When wind is present, the angle of attack (&) changes, causing the lift coefficient and its lift
force to vary. Based on the analysis of the velocity components (figure 2), the angle « under wind
conditions is determined as follows:

a=19—9=19—atan(ng/Vgr) ()
At that time, the lift coefficient is calculated as:

C,=C,+C" [9 —atan(V, / Vgx)] 3)

Where Cyy is the lift coefficient at @ =0, and C|’ is the partial derivative of the lift coefficient
with respect to the angle of attack (). In this paper, it is assumed that the wings of the UFV have
a symmetric airfoil, which does not generate lift at a = 0, i.e., C,o = 0 [14]. The value of C} is
taken as 5.4 [rad '], based on semi-empirical aerodynamic graphs [15].

Groundspeed: The groundspeed components in the vertical plane (figure 2) are calculated as:

. V. =V_+W.
_ . ax ax X, _ 2 2
V=V, +W, {V VoW Vg—./Vgx+ng (€))
& ay y

2.3. Design of trajectory control for UFVs
Design of control based on LOR theory

Since the velocity components (V) cannot be directly controlled, the trajectory tracking control
law for the fixed-wing UFV is developed based on the deviations in position coordinates and
trajectory angles relative to the pre-programmed trajectory. To describe an UFV control system
using LQR theory [16, 17], the equations of motion in the vertical plane [11] are linearized with
respect to range-based coordinates and take the following form:
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Q =tand
dx

ao Y g g, -1 ©)

E_ mVZicos® V* V?*cosO

Where: x - Range coordinate; y - Altitude coordinate; & - Flight path angle; V' - Velocity; Y -
Lift force; g - Gravitational acceleration; n, - Normal load factor.

From (5), the state variables and control input are formulated as follows:

X =[ay A6] ©6)
u=n,=n, +An,
Ax=x—Xy; A=Y=V A0=0-0, ©

Where: x, y, and @ - Actual trajectory parameters;

Xref, Yref, aNd B - Pre-programmed trajectory parameters (known, previously calculated);
Ax, Ay, and A@ - Trajectory errors;

n, - Normal load factor (total control);

Nyrer - Pre-programmed normal load factor (known, previously calculated);

An, - Error-compensating normal load factor (unknown, to be determined).

Problem statement:
Given that an UFV control system is formulated in state space representation:

d

oy A] = A[Ay A6] +Bn, (8)

With the state feedback control law:
n,=n,, +An,=n_, —K[Ay AH]T 9)

Based on equation (5), the state matrix 4 and the control matrix B are determined as follows:

1
aafy/abc aa’y/dx 0 e
| 00 | (cos0) (10)
| gd0/dx dO/dx || CopeS  Cope S sing
Oy 00 2my, cos @ 2m(cos 0)’
ady/dx 0
3 on,
T dorax || 8 (D
0 V= cos@
on

Y
where the pressure scale height y, = 8,434 meters in the standard atmosphere [18].
Objective:

The objective is to determine the control input An,(t) that ensures control performance in
correcting the UFV’s trajectory errors.

Optimization goal:
From the Riccati equation is given:
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A"P+PA-PBB'R'P+0=0 (12)

Find an optimal feedback gain matrix K = R"’B"P to minimize the cost function J:

t
J:%IXT(Q+KTRK)th—>min (13)

and obtain the optimal control input An; (1), which ensures optimal performance in correcting the

trajectory tracking error;

Where weighting matrices Q and R are selected to balance the trade-off between state deviation
and control effort. In this work, equal importance of state variables Ay and A, the state weighting
matrix is set as O = diag([0.1, 0.1]). Besides, to prevent excessive control action, the control
weighting matrix is set as R = 0.5.

To satisfy the fundamental requirements of parameter-adaptive control, the expressions (2) and
(3) are integrated into the matrices (10) and (11).

Integration of adaptive mechanism using the RLS algorithm

To improve the accuracy of LQR control under uncertain wind conditions, the Recursive Least
Squares (RLS) algorithm [19] is integrated to provide adaptive capability by updating the system
model online. As part of the adaptive LQR controller, RLS performs real-time parameter
estimation, enabling the system matrices to reflect current dynamics. By minimizing the influence
of outdated data through a forgetting factor (1), RLS enables real-time identification of system
parameters, which are then used by the LQR controller to recompute the optimal feedback gain
matrix K at each time step (figure 3).
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Figure 3. Schematic of the RLS-based adaptive LOR controller for UFVs.

Parameter estimation: To achieve accurate and adaptive modeling during control, a Kalman
Filter observer estimates the system states in real time by predicting dynamics and correcting with
measured outputs. These estimated states, along with input and output data, are fed into the RLS
to perform online identification of the system matrices 4 and B.

Adaptation mechanism: To ensure stability and tracking ability, a forgetting factor A varying in
the range [0.85, 0.98] is used in the RLS to prioritize new data under strong wind, while
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maintaining numerical stability under low input excitation. This factor is adaptively tuned based
on the measured variations of the angle of attack («), as defined in formula (2) of Subsection 2.2.
Based on this, RLS updates the system matrices A(t+1) and B(t+1) at each time step using current
state estimates. These updated matrices are then used by the LQR to recalculate the optimal
feedback gain K(t+1), from which the new control input u(t+1) is computed.

2.4. Solving the trajectory tracking control problem of UFVs

The problem of UFV trajectory control involves two main components: solving the flight
dynamic equations (14) to model the system’s behavior, and designing an optimal adaptive control
law to ensure accurate and robust trajectory tracking under uncertain wind.
ng =-X,—-Gsinf
ngé’ =Y —Gcosd

a™ ref

J. o, =(mf"5€ +m®” o, +m2“a)pVazb S /2 (14)
gza)z; a=19—atan(ng/Vgx)

X, =Vg cosd ; j/g =V, sin@

To solve the control problem of UFVs, a computational program including a flight dynamics
model and an adaptive LQR algorithm is developed and simulated using MATLAB/Simulink.

3. RESULTS AND DISCUSSION

3.1. Input data

The dynamic parameters of the UFV are adopted from references [8-10]. The fixed-wing UFV
is characterized by a mass of 250 [kg] and a reference area of 0.5 [m?]. Initial trajectory conditions:
altitude Hy = 12,000 [m]; velocity Vo= 270 [m/s]; flight path angle 6, = 0°.

3.2. Trajectory tracking control under the impact of gusty winds

Figures 4 and 5 and table 2 show the results of the UFV pre-programmed trajectory tracking
control under the influence of the gusty wind: The amplitude of 10 [m/s] and the wind field length
of 100 meters, starting at the range coordinate of 81 kilometers.
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Figure 4. Response of controllers Figure 5. Range coordinate error of
under gusty wind. controllers under gusty wind.

As a result, all three controllers can maintain accurate trajectory tracking under gusty wind
conditions (figures 4 and 5). However, the PID controller exhibits slow convergence and strong
oscillations, making it less effective in compensating for wind disturbances. The LQR provides
smoother control with moderate performance, while the adaptive LQR achieves the fastest and
most stable response in minimizing the trajectory error.
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Table 2. Quantitative comparison of control performance.

Controllers Convergence time [s] Absolute overshoot |Any|max [2]
PID ~ 10 ~ 0.04
LQR =6 ~ 0.04
Adaptive LQR ~3.5 = 0.09

According to the findings in table 2:

Convergence time: The PID takes around 10 seconds to approach zero, the LQR converges at
around 6 seconds, while the adaptive LQR converges in under 3.5 seconds.

Overshoot and system overload: The PID and LQR exert smaller control actions of about
0.04 [g] but over a longer duration, whereas the adaptive LQR issues stronger commands
immediately, around 0.09 [g], and quickly returns to zero. Although the adaptive LQR generates a
brief peak load, the system avoids prolonged overload. Moreover, since this control amplitude is
very small compared to the system overload of 2.5 [g], it does not significantly affect overall
control performance.

3.3. Trajectory tracking control under large-scale winds

During stage 3, uncertain wind is assumed to affect the UFV starting at a range of 81 kilometers
until the end of the stage. To simulate its impact on the pre-programmed trajectory, both turbulent
and longitudinal winds are used. Turbulent wind is modeled as a Gaussian random variable with a
mean velocity of 5 [m/s] and a standard deviation of 2 [m/s], and longitudinal wind is modeled
using a type of 1-cos(*) with a peak velocity of 12 [m/s].

Simulation results:

- UFV’s angle of attack (o) under the influence of winds:
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Figure 6. Angle of attack error under different wind conditions.
- UFV’s trajectory and impact point deviations:
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Pre-programmed 300 H Turbulent Wind | | |
.......... Turbulent wind m— | ongitudinal tailwind =
1500 - | I 1= — — Longitudinal taiwind |1 200 [ ===me— Longitudinal headwind / 2493
————— Longitudinal headwind 100 F I I I L~ ! ’
1000 i ~ i i i i 1 0 = _ | i 944
—
100 F { ¥ N.N.; = || ! 4
500 F 200 F | | | | .'\.\.. -272.5 ]
- 300+ [
0 | | | | RSN | | | | | | |
80 81 82 83 84 85 86 x[km] 425 430 435 440 445 450 455 460 t[s]

Figure 7. Trajectory errors under different  Figure 8. Impact point errors under different
wind conditions. wind conditions.
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- Performance results of UFV’s pre-programmed trajectory tracking:
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a) Under the turbulent wind condition. b) Under the longitudinal wind condition.

Figure 9. The error-compensating normal load factor for wind-induced trajectory errors.
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Figure 10. Altitude errors.
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Figure 11. Impact point deviations.
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Figure 12. Entire mission trajectory of the UFV.
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Discussions:

As discussed, the presence of wind alters the angle of attack (), thereby changing the lift force
and resulting in a deviation between the actual trajectory and the pre-programmed trajectory
(figures 6 and 7). In the absence of deviation compensation control, uncertain winds cause impact
point deviations of the UFV of up to approximately 100 meters under turbulent wind conditions,
and about 250 to 300 meters under longitudinal wind conditions, depending on the severity of the
wind (figure 8).

Compared with the non-adaptive controller, the adaptive LQR exhibits faster and more flexible
responses (figure 9). The main advantages of the adaptive LQR in compensating for trajectory
deviations are summarized as follows: the normal load factor (An,) adapts rapidly, showing small
amplitude variations within 0.04 [g] (figure 9). The altitude error (Ay) and impact point error (Ax)
remain small (figures 10 and 11).

Root mean square error (RMSE): Under the longitudinal wind condition, the non-adaptive LQR
shows an RMSE(x, y) of 32.43 meters, while the adaptive LQR achieves 4.87 meters. These values
are smaller under turbulent wind conditions.

For impact point accuracy: Under turbulent wind conditions, the non-adaptive LQR shows an
impact point deviation of approximately 7 meters, while the adaptive LQR reduces it to less than
1 meter (figure 11a). Notably, under longitudinal wind conditions, the non-adaptive LQR shows a
deviation of up to 30 meters, while the adaptive LQR reduces it to below 2 meters (figure 11b).

For the entire mission trajectory: The adaptive LQR trajectory of the UFV almost coincides
with the pre-programmed trajectory (figure 12).

In summary, the adaptive LQR demonstrates superior responsiveness and helps significantly
correct the impact point under unpredictable wind conditions.

4. CONCLUSIONS

Based on the flight dynamics model of the unpowered flight vehicle, an adaptive LQR scheme
with parameter estimation has been developed. The adaptive mechanism is indirectly formulated
through the relationship between the angle of attack and wind variation. The results show that the
adaptive LQR ensures system stability, provides effective deviation compensation, and accurately
tracks the pre-programmed trajectory under uncertain wind conditions. The actual adaptive-
controlled trajectory closely aligns with the pre-programmed trajectory. In terms of practical
application, the adaptive one can significantly reduce impact point deviations of UFVs under the
influence of wind, bringing the impact point deviation down from several tens of meters to just a
few meters, thereby enhancing mission efficiency. Besides, the adaptive LQR control algorithm is
considered suitable when developed and implemented on onboard embedded computers.
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TOM TAT

Néang cao d§ chinh xac diém roi cia phuong tién bay khong dong co
trong diéu kién gié bit dinh bang diéu khién thich nghi tham sb

Bai bdo trinh bay bai todn diéu khién bam qui dao chwong trinh trong diéu kién gié bat
dinh cua phwong tién bay khong nguoi ldi - khong dong co hoat dong ¢ dai toc dg cdn am
va duoi am. Trong mat phang dung, quy dao duoc gia dinh chiu tac dong moi truong o do
cao thap, noi thieong xudt hién gié khong thé du bdo truée, nhw gié gidt, nhiéu dong va gio
doc theo huong bay. Anh huong ciia gié cé thé lam bién dang quy dao va gady ra sai léch
diém roi dén hang tram mét so véi quy dao chuong trinh. De déi phé véi anh hudng ciia
gio va cdi thién sai léch vi tri diém roi, diéu khién toi wu tuyén tinh toan phirong LOR thich
nghi tham s6 dong dwoc dp dung. Két qua, diéu khién LOR thich nghi phan ing linh hoat
véi bién thién gio, kip thoi sira sai léch va bam quy dao chirong trinh véi dé chinh xdc cao.
So voi bg diéu khién khéng thich nghi, LOR thich nghi gitip lam rit ngan sai léch diém roi
tir hang chuc mét xuong mét.

Tir khéa: Phuong tién bay khong dong co; Didu khién bam quy dao chuong trinh; M6 hinh gio.
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