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Abstract: To enhance the stability of helicopter maneuvers during task execution, a composite trajectory tracking
controller design based on the implicit model (IM) and linear active disturbance rejection control (LADRC) is
proposed. Initially, aerodynamic models of the main and tail rotor are created using the blade element theory and the
uniform inflow assumption. Subsequently, a comprehensive flight dynamic model of the helicopter is established
through fitting aerodynamic force fitting. Subsequently, for precise helicopter maneuvering, including the spiral,
spiral up, and Ranversman maneuver, a regular trim is undertaken, followed by minor perturbation linearization at the
trim point. Utilizing the linearized model, controllers are created for the IM attitude inner loop and LADRC position
outer loop of the helicopter. Ultimately, a comparison is made between the maneuver trajectory tracking results of the
IM-LADRC and the conventional proportional-integral-derivative (PID) control method is performed. Experimental
results demonstrate that utilizing the post-trim minor perturbation linearized model in combination with the IM-LADRC
method can achieve higher precision in tracking results, thus enhancing the accuracy of helicopter maneuver execution.
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0 Introduction

Due to their high degree of mobility, helicop-
ters are extensively utilized in both military and civil-

jan sectors'!.

The implementation of trajectory
tracking for the maneuvers executed by these vehi-
cles significantly aids pilots in completing a variety
of strategic movements. Considering the numerous
external factors that influence helicopter navigation,
the stability of the control system is of paramount
importance'”’. Among its components, attitude con-
trol 1s vital for system stability and serves as the
foundation for maintaining a helicopter’s steady
flight'*.

For the design of controllers for trajectory

tracking, the classic proportional-integral-derivative

Article ID: 1005-1120(2024)06-0739-11

(PID) feedback control theory offers clear advantag-
es due to its simplistic algorithm, feasibility for engi-
neering implementation, and the evident physical
significance of parameter adjustment*’. However,
its efficacy falls short in the context of multi-input
multi-output (MIMO) systems. The limitations of
classical control led to the emergence of modern con-
trol theory. Modern control theories are based on
the state space method. The research object in-
cludes solving complex multi-input multi-output sys-
tems, but the model accuracy requirements are
high'”’. Active disturbance rejection control plays
the advantages of PID, maintains the control strate-
gy of error elimination by error, and overcomes de-
fects. PID corresponds to the error that has been

generated to eliminate it, and active disturbance re-
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jection control eliminates the factors that cause the
error before the large error occurs *.

Helicopters serve as the epitome of multi-input
and multi-output systems'”’. Therefore, it is evident
that the sole implementation of PID feedback con-
trol cannot produce optimal control results. To satis-
fy the requirements of flight control performance,
extensive research has been undertaken on the suit-
ability of alternative controller designs in engineer-
ing. For instance, Wu et al.'"®, among others, suc-
cessfully circumnavigated quadrotor flight models’
rampant non-linearity and intense interlinking issues
through the backing step method, subsequently
achieving trajectory control. Xian et al."” adopted
the sliding mode control in tracking helicopters’ pre-
set speed and yaw trajectory. In response to the in-
stability, non-linearity, and severe coupling of
small unmanned aircraft, Ding et al."'"”’ proposed a
trajectory-tracking method with inherent disturbance
rejection. Both sliding mode control and disturbance
rejection have demonstrated effective results in heli-
copter trajectory tracking, although the latter has
demonstrated superior robustness. The disturbance
rejection controller technology requires low depen-
dency on system models and can efficaciously han-
dle internal and external disturbances'"" ", In this pa-
per, the focus is on trajectory tracking during the
maneuvers of the UH-60 helicopter. Given the heli-
copter’s non-linearity and strong coupling character-
istics'””', a high-robustness method is imperative.

We first establish the nonlinear full-fledged
aerodynamic model for the UH-60 helicopter. Fol-
lowing this, the model is used as the basis to trim
the helicopters under varying states to achieve stable
controls and attitudes. Near the stable state, small
perturbation linearization is applied to derive the lin-
earized model. Based on this linear model, implicit
model (IM) is used to decouple the attitude of the
helicopter’s inner loop. This approach solves the
problem of strong coupling in the model and simpli-
fies the complexity of the model. Linear active dis-
turbance rejection control (LADRC) realizes the at-
titude stability control of the inner loop based on IM
decoupling and solves the problem of poor control

effect of the outer loop controller caused by the in-

stability of the inner loop. Finally, LADRC esti-
mates and compensates for the disturbance error of
the outer loop based on the stable inner loop to real-
ize the final position tracking, which suppresses the
influence of model error and external disturbance on
the trajectory controller. Ultimately, the research
conducts trajectory tracking simulation control on
the UH-60 helicopter for three classic maneuvers:
hovering, ascending in hover, and performing the
Ranversman maneuver. The tracking performance is
compared with controls driven by the traditional
PID method to validate the methodology proposed

in this paper.

1 Establishment of Helicopter Dy-
namics Model

1.1 Whole aircraft dynamics model and trim

method

The research object of this paper is the UH-60
helicopter. Its aerodynamic characteristics are poor
stability and serious coupling between longitudinal
and lateral channels'""’. To construct the aerodynam-
ic model of the whole aircraft, this paper divides the
rotor, tail rotor, fuselage, horizontal and vertical
tail parts to establish the aerodynamic model of the
whole aircraft. For the rotor, the blade flapping mo-
tion is calculated using the rigid body flapping mod-
el, and then the induced velocity and aerodynamic
force are calculated by using the momentum-blade
element theory and the aerodynamic model is estab-
lished. For the tail rotor, the momentum-blade ele-
ment method is also used to calculate, and the aero-
dynamic forces of the fuselage and the vertical tail
are fitted by formulas. The flight dynamics model of
the whole aircraflt is constructed by combining the
six-degree-of-freedom
body''".
model of the Black Hawk helicopter has been ob-

equations of the rigid

The nonlinear multi-input multi-output

tained. Its nonlinear total motion equation is
r=f(x,u.,t) (1)
where x=(u, v, w, p,q, 7, ¢,0,¢), and u, v, w, p,
q,7,¢,0,and ¢ are the helicopter state variables of
forward speed, lateral speed, vertical speed, roll

angle rate, pitch angle rate, yaw angle rate, roll an-
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gle, pitch angle and yaw angle, respectively; u, =
(8 84y 00y 01), and 8., 8, J., and &, are the inputs of
rotor collective pitch, lateral periodic pitch, longitu-
dinal periodic pitch and tail rotor collective pitch, re-
spectively.

After establishing the aerodynamic model of
the whole helicopter, the Newton iteration method
is used to trim the helicopter'™®’. The UH-60 helicop-

ter modeling data are shown in Table 1.

Table 1 Basic parameters of UH60

Parameter Value
Gross mass/kg 7258
Centre of gravity position/m (—8.9,0, —5.9)
Rotor radius/m 8.18
Rotor speed/ (radss™ ') 27
Number of rotor blades 4
Forward tilt angle of rotor shaft/ () 3
Waving hinge extension of rotor blade/m 0.381
Average chord length of rotor blade/m 0.527
Rotor blade torsion/ (") —10.9

Rotor position/m (—8.67,0, —8)

Inertia moment of fuselage

. 5 7406.156
around X axis/(kgem®)
Inertia moment of fuselage
. ) 50 012.28
around Y axis/(kgem*)
Inertia moment of fuselage
4 ; 53 512.55
around Z axis/(kgem®)
Inertia product of fuselage
. , 2133.831
in XOY plane/(kgem®)
Tail rotor radius/m 1.68
Tail rotor speed/(radss™") 124.62
Average chord length of tail rotor/m 0.247
Number of tail rotor blades 4
Negative torsion of tail rotor —18

The main trimming process of the Newton iter-
ative method is shown in Fig.1, and the steps are as
follows.

Step 1 Determine the maximum number of it~
eration steps N, the convergence value e, and the
initial input of the trim .

Step 2 The aerodynamic force of the whole
helicopter is calculated by the helicopter aerodynam-
ic model and incorporated into the equilibrium equa-
tions to calculate F(x,). The Jacobian matrix
F'(x,) of the equilibrium equations is calculated by

the difference quotient method. Determine whether

K=K+1

X=X,

Output :
Ol;tput matrix
i singularities

Output trim failure
identification

Fig.1 Flow chart of Newton iterative method

the Jacobian matrix is singular. If singular, the out
put matrix is singular and the trim failure identifica-
tion is output. If non-singular, the next step is per-
formed.

Step 3 The step length of the trim is obtained
by multiplying the calculated aerodynamic force of
the whole aircraft by the inverse of the Jacobian ma-
trix.

Step 4 According to the step size to deter-
mine the next step of the trim value x,, to deter-
mine whether the value of the maximum step size in
the two trim values is less than the convergence val-
ue e, if less than the output x, as a trim, if not less
than the next step.

Step 5 To determine if the number of trim
calculation steps M at this time is less than the maxi-
mum number of trim steps N, if so, let the number
of trim steps M add the value of x, to x, and proceed
to the second step. If not, the output trim failure
identification.

According to the verification of the trim of the
calculation results in this paper, as shown in Fig.2,
the change of the control quantity and attitude angle
with the forward flight speed is in good agreement
with the experimental values when the forward
flight trim is carried out. The aerodynamic model
and trim method outlined in this paper can be uti-
lized to determine the stable state of the helicopter

when the small disturbance is linearized.
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Fig.2 Comparison between trim value and experimental value in this paper

1.2 Small disturbance linearization model

To obtain a reasonable helicopter linear model,
this paper first discretizes the typical profile for the
state that needs to be controlled, and then performs
quasi-steady state trim on the discrete points to ob-
tain the corresponding trim state. The small distur-
bance linearization model is obtained by adding
small disturbance to the trim state. It can be as-
sumed that the state equation of the helicopter after
small disturbance linearization is

Az = AAx + BAu (2)
where A represents the small disturbance variation,
and A and B represent the coefficient matrix and the
control matrix, respectively.

The coefficient in the system control matrix B
represents the control derivative, and the coefficient
in the state matrix A is the stability derivative. The
helicopter’s flight state determines its numerical
change. From the helicopter dynamics model, it can
be seen that the coupling of the helicopter is mani-
fested by the state matrix A (dynamic coupling) and

the control matrix B (control coupling).

2 Trajectory Tracking Controller
Structure

2.1 Implicit model controller

The essence of IM control is to embed the de-
sired attitude inner-loop response characteristics in
an implicit model, which must meet the response
characteristics required by the helicopter and reflect
its decoupling requirements. Based on the classic in-
ner-outer loop feedback control structure, this paper
will design the helicopter control law. The IM con-
troller’ s inner loop for helicopter attitude is shown

in Fig.3.

O-2%T 1/ Ax;
||
Lk

Fig.3 Inner loop structure configuration of hidden model

controller

In Fig.3, an implicit model method is used to
design the state feedback matrix K and the feedfor-
ward compensation matrix H, so the expected
closed-loop response characteristics are as follows

Ad = AAx + B'Ax, (3)



No. 6 REN Binwu, et al. Helicopter Maneuver Trajectory Tracking Control Based on Implicit Model and LADRC 743

where Ax. is the control variable of the controller,
A? the desired state matrix, and B¢ the desired con-
trol matrix. It can be seen from the control structure
A'=A — BK
{Bd = BH
Then the state feedback matrix K and the feed-

(4)

forward compensation matrix H can be obtained as
{K—MAN)
H=B 'B‘
After decoupling through the state feedback

(5)

matrix K and the feed-forward compensation matrix
H, the inner loop can be approximated as indepen-
dent channels. On this basis, the structure of the po-

sition outer loop is designed.

2.2 Linear active disturbance rejection control-

ler

The LADRC controller operates by responding
to disturbances that act on the control object, lead-
ing to the generation of errors'”’’. It is a controller
that detects and corrects errors. The main concept is
to actively extract disturbance information from the
input and output signal values of the controlled ob-
ject and utilize the control signal to eliminate it
promptly'®’. The LADRC controller compensates
for the residual coupling between each inner loop
channel and the external disturbances (unknown fac-
tors) as total system disturbances”’. The LADRC
structure is shown in Fig.4. The active disturbance
rejection controller in Fig.4 mainly includes the lin-
ear tracking differentiator (L' TD), the linear extend-
ed state observer (LESO) , and the linear state er-

ror feedback (LSEF).

Controlled i
member

Z 1 LESO [
Fig.4 Structure diagram of LADRC

The LL'TD is used to extract the differential sig-
nal by tracking the given signal as quickly as possi-
ble and can resolve the conflict between overshoot

[22]

and rapidity'*'. It arranges the appropriate signal
transition process according to the bearing capacity

of the system. The discrete form of the L'TD is

ralt+1)=a,(t)+ hex,(t+1)
To(t+ 1) =xo ()t he(—r*(xg—x)— 2rzy)
(6)

where ¢ is the number of sampling, x the input sig-
nal, x. the tracking signal of the input signal, z.
the differential signal of x., A the sampling step
size, and r the speed factor that determines the
tracking speed (according to the transition speed re-
quirement and the system’s bearing capacity).

The LESO is the part of the active disturbance
rejection controller. It can affect the disturbance ef-
fect of the controlled object output by expanding in-
to a new state variable. A special feedback mecha-
nism is used to establish a state that can be observed
and expanded. It does not depend on the specific
mathematical model of the generated disturbance. It
is mainly used to estimate the synthesis of internal
and external disturbances acting on the system in re-
al time and compensate them'*’. The extended state
observer is mainly divided into the nonlinear state er-
ror server (NLESO) and LESO. NLESO has the
advantages of high parameter efficiency and high
tracking accuracy, but its tracking performance is re-
lated to the disturbance amplitude, and its ability to
estimate large disturbance is limited. The tracking
performance of LESO does not change with the dis-
turbance amplitude'®’. The working environment of
the helicopter is greatly disturbed, so the specific
form of LESO is selected as

e==z(t)—y

2 (t+1)=2,(1)+ h(z,(1)— Bue)

2, (t+ 1)=2,(2)+ h(z3(t)— Lwe+ bou)

23(t+ 1)=25(2)+ h(—Bye)
where b, is the compensation factor; z,, z,, and z;
are the tracking value and differential signal of the
system output, and So, Be, and Bg; the gain param-
eters of the observer determined by the sampling
step size of the system. The concept of bandwidth is
used to determine the observer parameters as"*”

Boi = 3w, By = 3w, Bos = w} (8)

Eq.(8) simplifies the gain parameter of the ob-
server to a parameter related to the bandwidth w,.
Generally, the bandwidth w, has a wide range of ad-

aptation, and the bandwidth w, suitable for the sys-
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tem can be selected.
The LSEF expression is
e —Ia 21
=Ty 2> 9)
uo= ke, + ke,
where £, and %, are the controller gains. They are de-
termined by the concept of controller bandwidth as
kb= w!, k,= 2w, (10)
where w, is the natural frequency required for the
closed-loop system, and ¢ the damping ratio to
avoid system oscillation.
The total control amount of the active distur-
bance rejection controller is
Uy — 25
u= T (11)

where b, is the compensation factor.
2.3 Inner and outer loop controller structure

The trajectory tracking controller structure de-
signed in this paper includes an attitude loop and a
position loop. The attitude loop is composed of a
LADRC and IM composite controller. The IM con-
troller is used to control the initial decoupling of the
object model. LADRC is used to eliminate the error
effects caused by disturbances and achieve stable re-
sponses in each attitude channel. The position loop
achieves a stable response of the position channel
through LADRC,

the desired trajectory. Combining the above meth-

ultimately enabling tracking of

ods, the final structure of the controller can be ob-

tained, as shown in Fig.5.

________

Referenced | :::_'___'_'.:l 9; :
path = *h_ Yeanre |l : reLADRm_"

Fig.5 Overall structure diagram of the controller

After decoupling the control matrix, the closed-
loop response characteristics of the state equation
are shown in Eq.(7). The control input can be deter-
mined as

U, U
U,|=B'(2)| u, (12)
U, us

The above control quantity corresponding to
the active disturbance rejection controller algorithm

is organized as

T 1+ 1) =2 (£)+ heze(t+1)
T (L H 1) =20 (1) he(—r (200 — 2 )— 2r1,2)
e=z,(t)—y
20+ 1)=2,(2)+ h(zy(2)— Boe)
2p(t+ 1)=2,(t)+ h(z5(2)— Lue+ bou)
250+ 1)=z25(2)+ h(—Bye)
€ =T — 21, €= Tiz — 2
U= ke, + kye,

Uy — 2
u,:T

(13)

The four-channel final control quantity of the
helicopter attitude controller is (U,, U,, U,) in
Eq. (12). The controller parameters to be adjusted
are the sampling step size &, the speed factor r, the
bandwidth w,, the natural frequency w. required for
the closed-loop system and the compensation factor
b,, where r is determined according to the transition
speed requirement and the system’s bearing capaci-

ty, and 4 is the sampling step size of the system.

3 Simulation and Result Analysis

To verify the control method used in this pa-
per, the mathematical model of UH-60 is used to
build the mathematical model and the designed con-
troller in the Simulink environment. The PID pa-
rameters (P, I, D) are shown in Table 2, and the

parameters of the LADRC are shown in Table 3.

Table 2 PID trajectory tracking controller parameters

Roll Pitch Yaw

Parameter angle angle angle X Y 4
P 1.5 2.0 1.00 1.3 1.2 0.6
I 0.2 0.1 0.10 0.3 0.1 0
D 0.1 0.2 0.15 0.1 0.1 0

Table3 LADRC trajectory tracking controller parameters

Roll Pitch Yaw

Parameter angle angle angle X Y 4
w, 25 22 20 10 8 10
w. 12 12 10 5 5 3
b, 5 6 5 2 1 1
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3.1 Attitude loop simulation analysis

The parameters for the PID and LADRC atti-
tude loops, displayed in Tables 1, 2, allow compar-
ative analysis of the response speeds, disturbance re-
sistance, and robustness of various channels.

Evaluating the response speed of the control
methods under the parameters in Table 1, without
disturbances or model errors, the set roll angle,
pitch angle, and yaw angle targets are all identified
as step signals of 5°. At 5 s, the expected target atti-

tude shifts to — 5°. For the comparative analysis,

the stabilization and efficiency of the PID and IM-
LADRC controllers are considered, with a simula-
tion providing the results as presented in Fig.6. It is
evident that the designed IM-ILADRC controller sta-
bilizes tracking in a brief period, its response speed
surpassing traditional PID controllers and IM con-
trollers. Even after a change in target expectation
tracking at 5 s, the IM-LADRC controller contin-
ues to track the target attitude swiftly and without
overshooting. This proves the rapidity and stability
of the IM-LLADRC controller are superior to those
of the IM controller and PID controller.

5.0

- = 5.0 = 5.0
£ 25 [ . % 25 [ , 2 25 Z ‘
5 0.0 %&uare signal g <00 ?&uare signal §C 00 S&uare signal
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Fig.6 Rapid simulation

In assessing the robustness of the control
methods, this study, based on a square wave signal
simulation experiment, assumes a 50% modeling
error in comparison with the actual model. The ro-
bustness results of the IM, PID, and IM-LADRC
controllers are compared, with the simulation out
comes depicted in Fig.7. As illustrated in Fig.7, the

IM controller’ s attitude angle tracking signal proves

inaccurate and experiences significant fluctuations
when errors are present in the linearized model,
underlining the substantial impact of model accuracy
on the IM controller. Both the IM-LADRC con-
troller and PID controller can stabilize tracking in a
short timeframe, albeit, even the PID controller is
susceptible to fluctuations. This evidence corrobo-
rates that IM-LADRC controller demonstrates low

model dependency and superior robustness.
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Fig.7 Robustness simulation

Helicopters are susceptible to external distur-
bances during flight. Consequently, within the con-
troller’ s attitude angle rate loop, vertical speed,
and attitude angle speed measurement signals. The

noise disturbances are added, featuring a sampling

rate of 100 Hz and an average amplitude of 4°. This
process simulated the influence of noise signals on
the helicopter’ s performance. The disturbance re-
jection capabilities of IM, PID, and IM-LADRC

controllers were compared and analyzed, with the
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simulation outcomes visualized in Fig.8. The re-
sults indicate that under noise signal interference,
the IM controller’s attitude angle of the IM con-
troller shows significant oscillation. In contrast,
the oscillation amplitude of the IM-LADRC and

PID attitude angles is approximately £0.2° and
+2°, respectively. Hence, the disturbance rejec-
tion ability of the IM-LADRC controller is signifi-
cantly superior to both the IM controller and PID
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B
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Immunity simulation

The results from the preceding three simula-
tions indicate that the IM-LADRC controller sur-
passes both the PID controller and the IM controller
in terms of stability, robustness, and immunity to
disturbance. The rationale behind this can be ex-
panded upon as follows:

(1) The IM-LADRC controller decouples the
high-order coupling system into single-input and sin-
gle-output. It treats external disturbances and the
coupling of state quantities as perturbations to be
eliminated. Hence, the IM-LADRC controller dem-
onstrates excellent traceability and prompt response
time.

(2) In cases where the controlled object con-
tains modeling errors, such errors may alter the in-
ternal response characteristics of the IM, thereby af-
fecting system stability. The IM-LADRC controller
treats modeling errors as internal disturbances to the
system, thereby ensuring greater robustness.

(3) When the controlled object is subjected to
noise signal interference, both the IM-LADRC and
PID controllers treat the noise signals as external
disturbances to be eliminated. However, the IM-
LADRC controller tuned with optimal parameters
exhibits superior disturbance rejection capabilities
and lower fluctuations, making it superior to both
the IM and PID controllers in terms of resilience to

disturbances.

3.2 Spiral trajectory tracking

Helicopter hovering plays a significant role in
executing aerial observation tasks and air traffic con-
trol rescue tasks during the flight journey of the heli-
copter. Hovering refers to a helicopter maintaining a
relatively stable position around a vertical or horizon-
tal axis with a single point as the center, all while ro-
tating around this point. This is a relatively simple
helicopter maneuver, with state changes requiring
single solutions for both Array A and Array B under
these circumstances. Utilizing the methodologies,
this paper traces the trajectory of a hovering state in
helicopters. Fig.9 presents the tracking status and tra-
jectory results of the displacement coordinates in a
helicopter during its hover ascent state. The PID
controller has significant tracking errors and over-
shoot. The tracking accuracy of the hovering state
achieved by the control method proposed in this pa-
per is noticeably higher.

- --Reference
—PID
—IM-LADRC

(a) Spiral trajectory tracking
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Fig.9 Trajectory tracking results of spiral

3.3 Spiral up trajectory tracking

The ability of a helicopter to ascend while hov-
ering is crucial for maintaining the flexibility of ma-
noeuvres, broadening the helicopter’s field of view,
and adjusting its height without losing track of the
target. This manoeuvre involves the gradual eleva-
tion of the helicopter while it is executing a hover,
also called a hover ascent. This study utilizes the
aforementioned methodologies to trace the trajecto-
ry of a hovering state in helicopters. Fig.10 displays

the displacement coordinate tracking and trajectory
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- —IM-LADRC

0
20-10
(a) Spiral up trajectory tracking
80
----Reference
—PID
60 — IM-LADRC

XYZ displacement / m

0 10 20 30 40 50
Time /s
(b) Comparison of XYZ displacement tracking

Fig.10 Trajectory tracking results of spiral up

results of a helicopter in a hover ascent state. Nota-
bly, the tracking line appears deviated, and the
PID, similar to that in hover, has a significant over-
shoot. The methodology employed in this study per-
forms better in tracking the trajectory of a helicop-

ter’s hover ascent with less error.

3.4 Ranversman maneuvering trajectory track-
ing

The Ranversman maneuver implemented in he-
licopters allows for swift strike and re-strike on
ground targets. The maneuver first involves a rapid
ascent of the helicopter, followed by a 180" inver-
sion and subsequent downward dive when the heli-
copter reaches its peak and nears a speed of zero.
This document traces the consecutive Ranversman
actions of the helicopter, which exhibit a saddle-
shaped trajectory at this point. The final tracking re-
sults, as illustrated in Fig.11, show that the use of
the method IM-LADRC employed in this study car-
ries a higher degree of tracking precision, thereby
enabling the effective tracking of the Ranversman
maneuver trajectory. The PID tracking performance,
in contrast, is poor, with a significant overshoot

causing deformation of the traced trajectory.
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(a) Ranversman maneuvering trajectory tracking
80
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Time /s
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Fig.11 Trajectory tracking results of Ranversman maneu-

varing
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4 Conclusions

This study constructs a full aircraft non-linear
aerodynamic model and performs trim work for
three types of helicopter maneuver actions. Small
perturbations were linearized around the trim value,
and a corresponding composite IM-LLADRC control-
ler was designed. Simulation of trajectory tracking
for the helicopter’s three maneuver actions was con-
ducted and compared with traditional PID methods,
leading to the following conclusions:

(1) Simulation verification demonstrates that
the IM-LADRC controller’ s attitude loop, due to
the IM’ s decoupling of the internal model, responds
more rapidly to the input signals of the controlled ob-
ject. In addition, the LADRC’ s timely estimation
and compensation for the effects of external distur-
bances and internal model errors endow the compos-
ite controller with superior robustness and distur-
bance rejection capabilities.

(2) The IM-LADRC trajectory tracking con-
troller demonstrates superior control performance in
the inner-loop, and compared to PID methods, it
achieves better tracking performance on the outer-
loop trajectory. As a result, this composite control-
ler exhibits greater robustness and higher tracking

precision in tracking complex maneuvers.
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EFREERT LADRC 89 E F YL 3h #1155 BR BR 4= #)

AKX, ERERE A AR SR, BB E!
(1. B2 LR K= B LB I 2 E S LR %, M T 210016, 5
2. UEBR T 22 B MUK 5 6 R T F2 25 B, 42 223003, H1 )

HWE AR A IBATAE S 0T L sh S E ey A 2 i, %3 T & T AR (Implicit model, IM) #= £ & 48 (Lin-
ear active disturbance rejection control, LADRC) #) A I LA S skizdxd1 5%, B8, kAt F 2 MY ANR
MEELITREFERLAAHHEA, BINEN T AN AL T AN TCATEH A FEA, Lok 43 ALy E
B AR Ak Bt e RN B AT R R W ERE AR AT DR B KA, S BB LT A
FAIM % 5 R @34 LADRCAZ Esb @ s #9424 £ 0 %5, IM-LADRC ¢y L zh Sy ik sk Iz R 5 2 4
PID 4% 4] 75 sk ik SR Iz 5 Rk 47T, &R AW, R A BT B D3 ZAHE A 5 454 IM-LADRC # 7 X 4 4
KB E B RIFER BT A PATIAAE S A

FKEEI AU B SRR R A A PID; KM B R N &AL ke LA R S



