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Abstract:

Introduction/purpose: The trajectory tracking control problem in an un-
manned tracked vehicle (UTV) represents a challenging task, due to un-
known and unmeasurable slippage dynamics which inevitably exists dur-
ing movement. Therefore, the application of standard industrial control
schemes is often limited.

Methods: In this paper, an active disturbance rejection control (ADRC)
scheme is proposed for the longitudinal (vehicle longitudinal velocity con-
trol) and lateral (vehicle course angle control) control channels of the
UTV to collectively handle all the plant modeling uncertainties and act-
ing slippage disturbances.

Results: A step-by-step procedure for applying the ADRC algorithm for
the specific case of UTV trajectory tracking is presented. It includes sys-
tematic design, discretization as well as performance analysis and vali-
dation utilizing FPGA-in-the-loop (FIL) simulations.
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Conclusions: The proposed FlL-based validation method reduces the
gap between pure simulation design (which may be too idealized) and
implementation on the real vehicle (which may be time-consuming). The
obtained experimental results show the advantages of the proposed con-
trol structure over standard industrial PI/PID controllers in different work-
ing conditions.

Key words: unmanned tracked vehicles, trajectory tracking, active dis-
turbance rejection control, velocity control, PID controller, FPGA-in-the-
loop, hardware validation.

Introduction

In recent years, unmanned tracked vehicles (UTVs) have received con-
siderable attention in both civilian and military applications, mostly due to
their high mobility and performance in different terrain (Nonami et al., 2013).

The control algorithms for UTVs often take into account the dynamic be-
havior and construction limits of the vehicle to ensure high movement per-
formance along with sufficient robustness against external disturbances.
UTVs are commonly designed without a steering mechanism and the di-
rection of motion is changed by adjusting the angular velocities of the right
and left track drive wheels. This provides a fast vehicle response to control
signals with a minimum turning radius. However, complex dynamics of the
interaction between the tracks and ground causes significant slippage dur-
ing maneuvering (Janarthanan et al., 2012), leading to the UTV’s motion
being largely dependent on the terrain properties (Wong, 2022). The UTV
slip models based on the tracks instantaneous centers of rotation were an-
alyzed, for example, in (Pentzer et al., 2014) and (Lu et al., 2016), where
it was shown that, besides the terrain characteristics, the important factors
which significantly affect slippage dynamics are path curvature and the ab-
solute value of the UTV lateral acceleration.

The most common tasks for unmanned vehicles are point-to-point mo-
tion, path following, and trajectory tracking (De Luca et al., 1998). The first
is a stabilization problem, where the vehicle, starting from a given initial
point, has to reach the desired point in space, regardless of the motion pro-
file. Path following and trajectory tracking require motion along the defined
geometric path/trajectory, where the trajectory is additionally constrained
by time.

To ensure the realization of appropriate motion tasks for UTVs, different
control strategies can be used. The usual choice is the time-tested PI/PID
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controllers. In (Hu et al., 2019), for example, a torque-speed control strat-
egy was proposed based on low-complexity PID controllers. The authors
of (Zou et al., 2018) suggested relying on precise vehicle kinematics and
dynamics models and applying control structures with back-stepping PID.
Finally, in (Huang et al., 2018b), look-ahead lateral errors were used to de-
sign a Pl-based path-tracking control system. The main advantages of us-
ing the PID-family controllers are their simple design, intuitive procedures
for parameter settings, and straightforward implementation. However, their
applications to UTVs are often limited in practice by the level of modeling
uncertainties and the influence of large, unmodeled slippage dynamics.
Therefore, the solutions to the problems of UTV path following and trajec-
tory tracking on uneven terrains often have to rely in real life on using more
sophisticated control techniques.

Analyzing the literature on advanced control for UTVs, one can notice
three main types of governing algorithms, namely intelligent control, so-
called modern control, and observer-based control, with some notable, rep-
resentative works recalled below.

» The first type is usually based on fuzzy logic and neural networks (Li
et al., 2020; Dai et al., 2018) or their combination with classical con-
trollers, like those seen in (Huang et al., 2018a; Al-Jarrah et al., 2019).
Although these advanced control structures can provide high trajec-
tory tracking performance even in challenging terrains, their hardware
implementation is often limited due to algorithmic complexity and re-
sultant increased computational requirements.

» The so-called modern control approaches are mostly based on model
predictive control (Mitsuhashi et al., 2019; Tao et al., 2021; Burke,
2012), adaptive control (Tang et al., 2021; Gonzalez et al., 2010; Hi-
ramatsu et al., 2019), nonlinear control (Hong et al., 2009), or sliding
mode control (Sabiha et al., 2022). Those methods, even though ef-
fective, rely either on precise modeling of UTV motion and slippage
disturbance (Hong et al., 2009; Mitsuhashi et al., 2019) or utilizing a
dedicated, separate function block for model parameters identification
and/or slippage dynamics estimation.

» The third type of advanced control scheme for UTVs is observed-
based control. In this category, an example extended Kalman filter
was applied in (Tao et al., 2021) to estimate the coefficients of road
resistance, thus strengthening the model predictive control’s adapt-




ability to uncertain road conditions. Another example can be (Burke,
2012), where the compensation of slip disturbance was addressed
using an adaptive least squares slippage estimator. In (Hiramatsu
et al., 2019), a structure composed of an adaptive controller and dis-
turbance observer was proposed for UTV angular and linear velocity
estimation, where the observer was responsible for estimating the ef-
fects of slippage which in return improved the tracking performance
without making the model unbearably complex.

Having analyzed the literature on UTV control, it seems that the cur-
rent method landscape is missing an approach that would be a compro-
mise between effectiveness, overall complexity as well as knowledge about
the controlled system and the environment affecting it. Therefore, in this
work, we propose the use of an active disturbance rejection control (ADRC)
scheme (Gao, 2006), which is a general methodology known to provide
robust performance, straightforward tuning and implementation, and op-
eration not being overly dependent on the plant’'s mathematical model.
The ADRC'’s recent successful industrial applications (discussed in the
overview paper (Zhang et al., 2021)) are the main motivation for using it
in this work for the UTV trajectory tracking control system. In fact, this is
not the first time ADRC has been considered for UTVs. In (Chen et al.,
2019), the authors have introduced back-stepping ADRC as their lateral
control for the path-following problem, which featured an extended state
observer (ESO) for jointly estimating internal model uncertainties and slip-
page disturbances.

The contribution of our work is the extensions provided to (Chen et al.,
2019). Firstly, our research deals with the UTV trajectory tracking task,
where the trajectory is additionally constrained with time. Secondly, this
paper extends the scope to designing both controllers: lateral and longi-
tudinal. Finally, in contrast to (Chen et al., 2019), we go beyond just a
simulation study and perform FPGA-in-the-loop (FIL) verification. Such a
methodology reduces the gap between a pure simulation design (which
may be too idealized) and implementation on the real vehicle (which may
be resource-consuming). With this paper, we want to show a comprehen-
sive application of ADRC to UTVs (with all its unique characteristics and
intricacies), including systematic design, performance analysis, and vali-
dation.
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The paper is organized as follows. The UTV model is briefly recalled in
the UTV motion model section. Then, the design of lateral and longitudinal
controllers is shown in the Lateral controller design and Longitudinal con-
troller design sections. The verification of the proposed control system is
described in the Control system verification. The section entitled Conclu-
sion summarizes the work.

UTV motion model

The kinematic model of the considered UTV can be described as:

z(t) cosf(t) O

(1) | = [sino@) ol - (V(t) + Vd(t)) , (1)

H(t) 0 1 w(t> + wd(t)
where z(t) and y(t) denote vehicle coordinates in the inertial coordinate
system, 6(t) is the course angle of UTV, v(t) and w(t) are the UTV longi-
tudinal and angular velocity, respectively, both considered to be the UTV
control inputs. The uncertainties in the longitudinal and angular velocity,
caused by unknown track friction, i.e. track slippage, are represented with
va(t) and wq(t), respectively.

Including the dynamic model of the UTV, the relation between the control

inputs v(t) and w(t) and the angular velocities of the right and left track drive
wheel Qr(t) and Qg (¢), are given respectively as:

v(t) = 5 (w(t) + Qu(t)), (2)

w(t) = = (W(t) = (1)) . 3)

N3

where r is the drive wheel radius and B is the normal distance between the
right and left track.

In the presence of the track slippage, (2) and (3) can be modified re-
spectively as:

| 3

v(t) +va(t) = 5 (Qr(t) - ar(t) + Qu(t) - aL(t)), 4)
w(t) +walt) = 5 (Q() - an(t) = () - av(t) . (5)

where ag(t) and a,(t) are the unknown friction coefficients of the right and
left track, which are in the range [0, 1].




One can notice that the UTV motion control involves designing two con-
trol subsystems. The first one is for angular velocity control and involves
a so-called lateral controller. The second subsystem is for longitudinal ve-
locity control and deals with constructing a longitudinal controller.

Lateral controller design

To define the lateral control model, let us consider the UTV reference
trajectory tracking problem shown in Figure 1, where the reference trajec-
tory is defined by the kinematic model of a virtual target:

& (t)\ _ [cosb(t)\ _
(i) = (ontrey) ©)
where z,(t) and y,(t) are the coordinates of the virtual target in the inertial
coordinate system (X,Y), v, > 0 is the virtual target longitudinal velocity and

6,(t) is the virtual target course angle. The path along track error es(¢) and
the cross-track error e4(¢) are defined in the vehicle coordinate system (X,,

Y,) as:
es(t)) _ [ cosO(t) sinf(t)\ (c(t)—z(t)
() = (bt soon) Gt =t "
By denoting the course angle error as:
ee(t) = e(t) - Hr(t)v (8)

and substituting (1) and (6) in the derivative of (7), one can obtain trajectory
tracking and course angle errors dynamics as:

és(t) = 0(t) - eq(t) — v(t) — va(t) + vy cos be(t),
éq(t) = Vpsinbe(t) — O(t) - es(t), (9)
Be(t) = w(t) +wa(t) — 6e(t).

As in practice, the cross-track error is the main concern (Chen et al., 2019).

To facilitate that, the lateral control subsystem can be formulated from (9)
as:

ea(t) = vy sin e (t) + di (2), (10)
Oo(t) = w(t) + da(t), (11)
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Figure 1 — Considered UTYV trajectory tracking problem

with di(t) = 0(t) - es(t) and do(t) = wq(t) + 6.(t), which represents collec-
tively the disturbances caused by slippage, reference trajectory dynamics,
and longitudinal channel coupling (reflected in the influence of the v(t) on
the lateral controller).

By substituting (11) in the derivative of (10), the cross-track error dy-
namics can be presented in a compact ADRC form as:

éalt) = by - w(t) + fi(t), (12)

where by = v, is the known part of the lateral model and f(¢) = v,(cos 0.(t)—
1) - w(t) 4 vy cos Ba(t) - do(t) +dy (t) is denoted as the total disturbance of the
lateral control subsystem. One can see that the lateral control is formulated
as a regulation problem, where the error signal e4(t) has to be minimized
by manipulating the control input w(t), all in the presence of perturbing
effects like slippage disturbances, coupling dynamics with the longitudinal
channel, and the reference trajectory dynamics.




To design the ADRC controller, model (12) is expressed as a following
extended state-space model:

éd<t) 010 €d(t) 0 0 )
(édt)) = (0 0 1) . (éd(t)> + (bo) ~w(t) + (0) - fi(t), (13)
hi(t) 000 fi(t) 0 1

and the states can be estimated by an appropriate observer, for example,
a linear ESO shown in (Lakomy et al., 2020):

ca(t) 01 0 éa(t) 0
50 (0 ; 1).(ég<t>)+(bo) "
A) 0.0 0/ \A®) 0

I
+ | b2 | - (ea(t) —éa(?)), (14)

L3

where [1, l12, and [;3 are the observer gains, which can be relatively sim-
ply tuned by the bandwidth parameterization from (Gao, 2003) by placing
observer poles at the same location A = —wgso,:

A+ wis0,)® = A 4+ Iy - A2+ g - A+ I, (15)

where wggo, is the desired observer bandwidth.
By assuming 6.(t) € {—n,n}, the saturated lateral control law can be
proposed as:

Wnax - Sat (u1(t) /wmax), when |0.(t)] < T
W(t) =  Wmax, when T <0.(t)<m (16)

~Wmax, When —71 <f(t) < -5

where sat(a) = min (1, |a|) - sign(a) is a saturation function, wpax > 0 is
saturation level of the lateral ADRC signal, denoted as:

1 X . R
ui(t) = (—k‘pl “eq(t) — kar - eq(t) — f1(t)) ; (17)

0
with the controller design parameters &, and kq;. The saturation wi,ay is
introduced to reduce slippage caused by the large centrifugal force, i.e.
the high value of the UTV angular acceleration, as discussed in (Lu et al.,
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2016). It should be also noted that control law (16) is designed to enable
quick reduction of the course angle error in the range 0.(t) € {—n/2,7/2}
and to avoid the control signal (17) saturation.

Now, by assuming fi(t) ~ fi(t), éq(t) ~ éq(t), ea(t) ~ éq(t) and substi-
tuting (16) in (12), the following relation can take place:

Eq(t) + kar - éq(t) + ko - eq(t) =~ 0. (18)

From (18) one can see that the lateral control performances can be ad-
justed by appropriately selecting the parameters &, and kq. Applying the
already mentioned bandwidth parameterization, the controller parameters
can be tuned by placing closed-loop controller poles at the common loca-
tion A = —wcy,:

(A +wer,)? = A% + kg - A+ Ky, (19)

where wcr, is the desired closed-loop lateral control system bandwidth.

Longitudinal controller design

Let us denote the UTV longitudinal velocity in the presence of slippage
disturbance as v, (t) = v(t) + vq(t). Thus, the longitudinal velocity control
model can be formulated as:

“}V(t) = uv(t) + i’d(t)v (20)

where u,(t) = v(t) represents the control signal which should be designed
to make v, (t) track the reference target longitudinal velocity v, even in the
presence of the disturbance v4(t). To apply the ADRC concept to the con-
sidered problem, system (20) can be rewritten in the extended state-space
form as:

V(B _ (0 1\ (w(D) 1\ 0\

(o) = (o o) (160) (o) w0+ (3) -£0 @
where f,(t) = v4(¢) is the longitudinal channel total disturbance, which can
be estimated by an appropriately constructed ESO:

(;:8) - (8 (1J> ' (?’8) * ((1)> Tu(t) + GZ;) (ve(t) — (1)), (22)




where [,; and [,» are the observer gains. As in the previously shown lateral
control channel, the active rejection of the total disturbance f, (¢) can be re-
alized using its estimation f, (t) by applying the following ADRC governing
law:

Uy (1) = kpy (Fe — v (t)) — fu(t), (23)

~

where k,, is an adjustable controller parameter. Assuming f,(t) ~ f,(t)
and substituting (23) into (20) results in:

Uy (t) + kpv - v (t) = kpy - Vr, (24)

where one can see that the desired control performances can be obtained
by an appropriate selection of the parameter k.

In the same manner, as in the lateral control subsystem, the longitudinal
ESO and controller gains can be tuned by utilizing the bandwidth parame-
terization methodology, i.e.:

A+ wiso,)? = A2 4 Ly - A+ Ly, (25)
A wor, = A+ Epy, (26)

where wgso, and wcr,, are the desired longitudinal ESO bandwidth and the
longitudinal closed-loop control system bandwidth, respectively.

A schematic representation of the UTV control architecture, based on
the proposed ADRC lateral and longitudinal controllers, is shown in Fig-

ure 2.
L Longitidunal
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—— x,(1) : Q)
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Figure 2 — The proposed UTV control architecture
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Control system verification

Since the hardware implementation of the control algorithm requires its
discrete form, simulation experiments are carried out with a discrete-time
version of the proposed UTV controllers. Therefore, the discretization of
the lateral and longitudinal controllers is presented first, followed by simu-
lation results.

Simulation validation

Since the lateral and the longitudinal ADRC control laws (17) and (23)
are in linear forms, only the observer need to be discretized. To enhance
the closed-loop system stability for a low sampling rate T, the current dis-
crete models from (Miklosovic et al., 2006; Herbst & Madonski, 2023) are
used. Therefore, for the lateral ESO (14), its discrete form is defined as:

~

éq(k) éq(k —1)
ca(k) | = (Aq— La - Car- Aar) - | ea(k — 1)
Ak Silk —1)
+ (Bai — La - Cai - Bay) - w(k — 1) + Le - eq(k), (27)
where
1 T, T?/2 bo-T2/2
Aa=(0 1 T, | ,Ba=| bo-Ts |,Ca=(1 0 0),
0 O 1 0

are the discrete observer matrices obtained by applying the zero-order hold
(ZOH) discretization method from (Miklosovic et al., 2006). The discrete
ESO gains vector L. is computed by placing the discrete observer poles
in one location 3 = e~“rsails je.:

|21 — (Aql — Aqi - La - Cal)| i (z = B)>.

In the same manner, the discrete-time model of the longitudinal controller
ESO (22) is obtained as:

(b)) I (k- 1)
(fv(k)> —(Adv ch Cdv Adv) <J{-V(k_1)>




+ (de — Ley - Cay - de) “uy(k — 1) + Ley - vy (K), (28)

1 T bo - T
Adv:<0 1>ade:<00 >7Cdvz(1 0)7

are the matrices determined by the ZOH discretization. The longitudinal
discrete ESO gains vector L., is computed by placing discrete observer
poles in the location g = e~wrsov T je.:

where:

2 — (Aqy — Ady - Ley - Cao)| = (2 — B)%

The simulation experiments are conducted in MATLAB/Simulink using
the model of the laboratory skid-steer UTV, with dimensions » = 0.3m
and B = 0.7m. To demonstrate the effectiveness of the proposed ADRC
algorithm, its performance is compared with the UTV control architecture
realized by the standard industrial discrete PID controller with a noise filter
in the lateral control subsystem and the PI controller in the longitudinal con-
trol subsystem. To make the test more realistic, the maximal UTV angular
velocity is limited to wy.x = 2 - wrad/s. The reference trajectory is defined
using the kinematic model (6), with v, = 2m/s and:

0.05-k-Ts, when 0s< k- -T;<8s;

O (k- T,) = —0.1-k-T;, when 8s<k-T;<16s; (29)
S ) —0.05- k- T, when 16s < k-Ts < 22s:

0.15-k-Ts, when 22s<k-Ts<35s.

The simulations are realized through the following two cases.

Simulation case #1

In this case, it is assumed that the UTV is not affected by the slippage
disturbances (ag = 1 and a;, = 1). Both of the considered control ap-
proaches (the proposed ADRC and the standard PI/PID) were tuned em-
pirically with the goal to enable similar control performances in terms of
minimization of the cross-track error e¢4. Therefore, in the lateral PID con-
troller, four parameters: proportional, integral, and derivative gains, as well
as the noise filter coefficient, are set as kp, = 4.5, k;, = 1, kp, = 0.5 and
N = 85, and the proportional and integral gains of the longitudinal Pl con-
troller are set as kp, = 1.5, k1, = 0.1. The ADRC control structure is tuned

1711
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by choosing wcr, = 1rad/s and wgso, = 10rad/s for the lateral controller,
and wcr,, = l.4rad/s and wggo, = 16rad/s for the longitudinal controller.
Both systems are discretized with the same sampling time T, = 20ms. The
obtained results of the reference trajectory tracking performances, includ-
ing cross-track errors, longitudinal velocities, and drive wheels velocities
are depicted in Figure 3.

Reference trajectory
4} |= = +PUPID

0 10 20 30 40 50 60

(a) Reference trajectory tracking
‘ ‘ 25 ; ;

0.02

2

15¢ PI

ADRC

ea(m)
v, (m/s)

1

-0.02 PI/PID Reference velocity | |
ADRC 05
-0.04
0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35

(b) Cross-track errors (c) Longitudinal velocity control

8
6 6
= =
T4 PI/PID ADRC T, |
; g PI/PID ADRC
T2 2

0 . . : . . . 0 . : : . . .

0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35

t(s) t(s)
(d) Right wheel velocity (e) Left wheel velocity

Figure 3 — Simulation results for simulation case #1

In accordance with the set goal of this simulation case, one can see that
both control approaches provide effective tracking of the reference trajec-
tory, with similar values of the cross-track errors peaks that occur when
0,(t) changes the value (see (29)). The drive wheels velocities are bounded
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and smooth for both systems, and it can be seen that the PI/PID algorithms
generate slightly larger values.

Simulation case #2

In this case, the controllers have kept the settings from the previous one.
The slippage disturbances with dynamics ag = 0.7 + 0.3sin(2 - k£ - Ts) and
ar, = 0.740.3sin(4 - k - Ts), which simulate vehicle motion over uneven dirt
terrains, are included from ¢t = 10s.

y(m)

Reference trajectory
== == :PI/PID

0 10 20 30 40 50 60

PI

ADRC

Reference velocity
5 10 15 20 25 30 35
£(s)

(b) Cross-track errors (c) Longitudinal velocity control
15071 i ' ; ' ; 15, ' ; ; ' ;
s 6
élo» 3% 4 §10 Bf 4
£ ol S
[ PI/PID ADRC
[ PI/PID ADRC
% 5 11 15 2 2 = 3 0 5 10 15 20 2 .
t(s) t(s)
(d) Right wheel velocity (e) Left wheel velocity

Figure 4 — Simulation results for simulation case #2
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Also, the measurement errors of the UTV position (z, y), the angle orien-
tation (¢), and the longitudinal velocity (v,) are modeled as Gaussian noises
with zero means and standard deviations [0.1m, 0.1 m, 0.01rad, 0.1 m/s],
respectively. It corresponds with the errors of the GPS and inertial sensors
in the real vehicle. The reference trajectory tracking performances and
drive wheel velocities comparisons of PI/PID and ADRC are shown in Fig-
ure 4. Itis noticeable that in the presence of the slippage dynamics, ADRC
enables better tracking performances, with significantly lower values of the
cross-track error peaks. In addition, it can be noted that the added mea-
surement errors caused ruggedness in drive wheel velocities. However,
from the zoomed part of Figure 4d and Figure 4e, it is evident that ADRC
generates more smooth drive wheels velocities than the PI/PID algorithm,
which is important for practical implementation.

FPGA-in-the-loop simulation validation

In order to analyze the challenges of the practical implementation, the
FIL (FPGA-in-the-loop) simulation with the proposed ADRC-based UTV
control is carried out. Such a validation method reduces the gap between
pure simulation design (which may be too idealized) and implementation on
the real vehicle (which may be time-consuming). To this end, a hardware
description language code of the discrete lateral and longitudinal controllers
is generated in the fixed-point word-length (WL) format, for the signals and
coefficients representations, and implemented in FPGA board Basys 3 with
Xilinx chip XC7A35T. By connecting JTAG port of the FPGA board and the
personal computer USB port, the FIL simulations are executed by exchang-
ing signals between the UTV model, defined in MATLAB/Simulink, and the
controllers, implemented in the FPGA chip. The graphical structure of the
FIL simulation methodology is demonstrated in Figure 5.

I'Personal computer | FIL simulation
: :T\’lATLAB/Simulink I signal exchanging :_FPGA hardware 7
| ~ I : Discrete ADRC lateral S

| .
I} UTV motion = i I R
11 model | <::’\>| and longitidunal
|

i I realization !  controllers
| Il : implementation
: |

Figure 5 — FIL validation methodology
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The FIL simulations are performed with the setup as in simulation
case #2. The reference trajectory and longitudinal velocity tracking perfor-
mances, for the ADRC algorithm implemented in the fixed-point format with
WLs of 24, 22, and 20 bits, are compared with the pure MATLAB/Simulink
simulation results (shown in simulation case #2) and gathered in Figure 6.
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Figure 6 — FIL simulation reference trajectory tracking results

In order to make the impact of the fixed-point format quantization error
(QE) more visible, the differences in cross-track errors, between the pure
MATLAB/Simulink simulation and the appropriate FIL simulations, denoted
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as ¢, are shown in Figure 7. The obtained drive wheels velocities are
shown in Figure 8. In addition, the appropriate FPGA resource occupancy
values, for different values of WLs, are shown in Table 1.
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Figure 7 — The difference in the cross-track error between the Simulink simulation
and the FIL simulations with the appropriate WL of the fixed-point format

Table 1 — Resource occupancy of FPGA chip XC7A35T for the fixed-point ADRC
controllers implementation with different WLs

| FPGAresource | WL=24 | WL=22 | WL=20 | Available |

LUTs 5433 (26.2%) | 4821 (23.2%) | 4441(21.3%) | 20800 (100%)
FF blocks 545 (1.3%) | 525(1.2%) | 499(1.2%) | 41600 (100%)
DSP blocks 82 (91%) 81 (90%) 78 (87%) 90 (100%)

As it can be seen, the FIL simulation results are close to the simulation
results, which confirms the high performances of the FPGA-based imple-
mentation of the lateral and longitudinal ADRC controllers. As expected,
the slight performance degradation occurs with the decrease of WL, i.e.
with lower precision of the signals and coefficients in the implemented con-
trollers. Although increasing WL requires more FPGA resource occupancy,
from Table 1 one can see that it is not a significant increase that enables
the realization of a high-precision fixed-point ADRC implementation on low-
cost FPGA chip, such as XC7A35T.
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Figure 8 — FIL simulation drive wheel velocities

Conclusion

To improve the UTV trajectory tracking performances, the systematic
use of an ADRC-based control structure was suggested in this research.
The slippage disturbances and the internal UTV model uncertainties were
treated collectively as lumped (total) disturbances in the lateral and longi-
tudinal control channels. The efficiency of the proposed ADRC approach
was illustrated in comparison with the classical PI/PID control, through the
typical UTV trajectory tracking simulation scenarios.
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Additionally, the FIL simulation was used to experimentally validate the
fixed-point FPGA implementation of the proposed lateral and longitudinal
ADRC controllers. The conducted applied research has validated the effi-
cacy of the proposed systematic procedure of applying the ADRC method-
ology for the specific UTV trajectory tracking problem, which includes its
design, tuning, FPGA implementation, and performance verification.
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Resumen:

Introduccién/objetivo: El problema del control de seguimiento de
trayectoria en un vehiculo de orugas no tripulado (UTV) repre-
senta una tarea desafiante, debido a la dinamica de deslizamien-
to desconocida e inmensurable que inevitablemente existe du-
rante el movimiento. Por lo tanto, la aplicacién de esquemas de
control industrial estandar suele ser limitada.

Métodos: En este articulo, se propone un esquema de control
activo de rechazo de perturbaciones (ADRC) para los canales de
control longitudinal (control de velocidad longitudinal del vehicu-
lo) y canales de control lateral (control del angulo de trayectoria
del vehiculo) del UTV para manejar colectivamente todas las in-
certidumbres del modelado de la planta y las perturbaciones de
deslizamiento actuantes.

Resultados: Se presenta un procedimiento paso a paso para
aplicar el algoritmo ADRC para el caso especifico de seguimien-
to de trayectoria de UTV. Incluye disefio sistematico, discretiza-
cién, asi como analisis y validacion del rendimiento utilizando
simulaciones FPGA-en-el-bucle (FIL).

Conclusion: El método de validaciéon basado en FIL propuesto
reduce la brecha entre el disefio de simulacién pura (que puede
estar demasiado idealizado) y la implementacién en el vehiculo
real (que puede llevar mucho tiempo). Los resultados experi-
mentales obtenidos muestran las ventajas de la estructura de
control propuesta sobre los controladores PI/PID industriales.
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Palabras claves: vehiculos de orugas no tripulados, seguimiento
de trayectoria, control de rechazo activo de perturbaciones, con-
trol de velocidad, controlador PID, FPGA-en-el-bucle, validacion
de hardware.

MpoekTnpoBaHne ABMKEHUS 6ECNNNOTHON NYCEHNYHOMN
MaLUVHbI MO 3aaHHOWN TPaeKTOpMM HA OCHOBE KOHTpornepa
ADRC n mogenupoaHus

Mowmup P. CTaHKOBUY?, KOPPEeCNoAeHT,

Pacpan MapoHcku®, Cmosidur M. MaHoiinosny?

@ YHuBepcTeT o60opoHbl B Benrpane, BoeHHas akagems,
r. benrpag, Pecnybnuka Cepbus

6 Cunesckuit TEXHONOrNYECKii YHUBEepCHUTET, PakynsTeT
aBTOMATMYECKOTIO YNPaBMEHNUS, SNMEKTPOHUKM U BbIYUCTTUTENBHOMN
TEXHUWKK, . Mnueuue, Pecnybnuka Monblua

PYBPUKA TPHTW: 50.43.00 CuctemMbl aBTOMaTU4ECKOro
ynpaBsneHus, perynmpoBaHuns u
KOHTpOns

B[O CTATbW: opurnHanbHas Hay4Has cTaTtbs

Pesrome:

BeedeHue/uenb: Paspabomka cucmembl a8moOHOMHO20 Crie-
XeHus1 3a 3a0aHHoU mpaekmopuel becrnunomHol ayceHU4YHoU
MaluuHbl Ae/15emcs CroxHoU 3adadvell U3-3a Heu38ecmHOU U
HeuamepumoU OUHaMUKU CKOMbXeHus. [1oamomy npumeHeHue
cmaHOapmHbIX an2opummo8s rPOMbILIIEHHO20 yrpasieHus 3a-
yacmyro oepaHU4yeHo.

MemooObi: B daHHoU cmambe npedcmaesrnieHa cxema akmugHo-
20 ynpaeneHus nodasneHuem rnomex (ADRC) 0 npodornbHo20
(ynpaeneHue npodosbHOU CKOPOCMbIO MPaHCopmHo20 cpeo-
cmea) u 60Kk08020 (yrnpasrnieHue yajioM HaK/ioHa mpaHcropm-
Hoeo cpedcmea) KaHasnos ynpaesneHus UTV, noseonswowas 6
COBOKYNHOCMU CrpasisimbCsi CO 8CeMU HeornpedeneHHOCMMU,
c8s13aHHbIMU C MOOEUpo8aHUEM ycmaHo8KU U delicmeayrouumu
803MYyWEHUSIMU IPU CKOMbXEHUU.

Pesynbmamsi: B cmamebe npedcmasneHa rowazoseas rpoue-
Oypa npumeHeHusi anzopumma ADRC 0nsi KOHKpemHoeo criy-
Yyasi omcrnexusaHuss mpaekmopuu 6ecrnunomHou 2yceHu4YHol
MalUHbI.
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lMpouedypa sknoyaem: cucmemMamuyecKkoe npoekmuposaHue,
Ouckpemu3sayuro, a makxe aHanau3 npou3sooumesibHoOCmMu U ea-
nudayuro ¢ ucrionb3osaHuem modenuposaHusi FPGA-in-the-loop
(FIL).

Bbigo0bi: lNpednazaembiti Memod npoeepKu Ha OCHOBE 8CMPO-
€eHHo20 MmoldenuposaHusi FIL cokpawaem pa3pble Mexdy
UMUMaYUOHHbIM MPOeKmMuposaHueM (Komopoe Moxem b6bimb
C/IUWKOM uQeanu3uposaHHbiM) U peanusayuel Ha pearsib-
HOM mpaHCropmHoM cpedcmee (4mo MOXem 3aHsiMmb MHO20
epemeHu). [lony4yeHHble 3KcrepuMeHmarbHbie pe3yrbmameol
deMoOHcmpupyrom rnpeuMmywiecmsa npedroxeHHoU cucmembl
yrpaeneHusi Mo CPasHEHUK CO CmaHOapmMHbIMU MPOMbILIIIEH-
HbIMU KOHMpOJI/iepaMu 8 PasfiuyHbIX yCr108USIX 3KCrlyamauyuu
becrnunomHol eyceHUYHOU MauluHbl.

Kntouesbie criosa: b6ecrunomHbie 2yCeHUYHbIe MauwluHbl, om-
criexusaHue mpaekmopuu, akmueHoe yrnpasneHue nodasneHu-
eM riomex, peayrnuposaHue ckopocmu, PID-konmponnep, mode-
nuposaHue FIL, sanudayus annapamHo20 obecrie4eHusl.

MpojekToBare KpeTawa becnocagHor ryceHMYHOr Bo3una
no 3agaToj nyTamwm Ha ocHoBy ADRC perynatopa u FIL
cumynaumja

Mowmup P. CTaHkoBuh?, ayTOp 3a Npenucky,

Pacpan MapoHcku®, Cmojadur M. MaHojnosuh®

@ YHuueep3auteT ogbpaHe y beorpagy, BojHa akagemuja,
Beorpag, Peny6nuka Cpbuja

5 LLIneckn TEXHOMOLLKN YHUBEP3UTET,

PakynTeT 3a ayTOMaTCKO yrnpaBibahe, eNeKTPOHNKY U pavyyHapcTBo,
Mmwuewuue, Penybnuka MNorscka

OBJACT: ayTomatcko ynpaerbare, padyHapcke Hayke, poboTuka
KATETOPWJA (TWM) YUNAHKA: opyriHanHu Hay4Hu pag

Caxemak:

Yeod/uurb: [llpojekmosare cucmema aymoHoMHoe rpahera
3a0ame mpajekmopuje 6ecriocadHoe 2yceHUYHO2 803urs1a npeod-
cmaesba crioxeH 3adamak 3602 rnocmojarba HerlosHame U He-
Meprbuge OuHaMuKe Mpoku3asarka. Cmoea je npumeHa cmaH-
OapOHUX UHOYCMpUJCKUX yrpaerbadykux aszopumama 4ecmo

ocpaHu4eHa.
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Memode: [IpedrioxeHa je npuMeHa pezynamopa Ha OCHO-
8y yrnpaesbarba ca akmueHUM romucKkusarem ropemehaja
(ADRC), nocebHo npojekmoeaHux 3a JioHaumyOuHanHu u Jfa-
meparsiHu KaHarn ynpassbara eo3usna. lpumeHa HagedeHoez ari-
2opumma omozyhurna je eucoke nepgopmaHce yripasrbarba y
ycrosuMma rnocmojakba HecmauyuoHapHocmu moderna objakma
ynpaesrbarba U ymuuaja rnopemehaja npoknu3asara.

Pesynmamu: lNpedcmasrbeHa je demarbHa ripoyedypa npume-
He ADRC aneopumma 3a npahere 3adame nymare becriocad-
HOe 2yCeHUYHO2 8o3uria, Koja je obyxeamursia rpojeKkmosame,
Quckpemu3sauyujy, cumynayuoHy aHanusy nepgopmaHcu U ekK-
criepumaHmarndy eepugukayujy Ha ocHosy cumynauuja ca FP-
GA xapdsepom y nemsbu yrnpassbama (FIL cumynayuje).

Bakrbyuak: NpednoxeHa memodosioauja sanudauyuje rnpojekmo-
8aHoz2 cucmema ynpasrbarba Ha ocHosy FIL cumynayuja omo-
eyhuna je cmarber-e npojekmaHmckoe epemeHa usmehy yucmo
padyHapckux cumynauuja (koje cy Hajyewhe cysuwe udeanuso-
8aHe) U ekcriepuMeHmarsiHux sepuchbukauyuja Ha peasHoMm cucme-
my. [obujeHu pe3ynmamu cy noka3asnu rnpedHocmu rpeosioxe-
HOe peuwera y 00HoCy Ha cmaHOapdHe UHOycmpujcke peayrna-
mope y pasnudumum ycrosuma yrnompebe 6ecriocadHoe 2yce-
HUYHOe 8o3urna.

KrbyyHe pedu: becriocadHO 2yceHU4YHO 803urio, npaheme ny-
marse, yrpassbarbe ca akmueHUM rnomuckuearmem rnopemehaja
(ADRC), ynpasrbare 6p3uHom, PID peaynamop, FIL cumynayu-
ja, xapOdseepcka eanudauuja.

EDITORIAL NOTE: The second author of this article, Rafal Madonski, is a current member
of the Editorial Board of the Military Technical Courier. Therefore, the Editorial Team has
ensured that the double blind reviewing process was even more transparent and more rigor-
ous. The Team made additional effort to maintain the integrity of the review and to minimize
any bias by having another associate editor handle the review procedure independently of
the editor — author in a completely transparent process. The Editorial Team has taken spe-
cial care that the referee did not recognize the author’s identity, thus avoiding the conflict of
interest.
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