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Abstract: This paper presents a cruise control with road condition compensation based on
discrete extended state observers. The road condition compensator operates as a multi-agent
systems in consensus to achieve real-time disturbance estimation under measurement noise.
The road characteristics considered in this study include the friction coefficient and slope.
Numerical simulations are provided to validate the proposed road condition compensation
scheme for four different slope angles with measurement noise for two types of graphs: ring

and star.
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1. INTRODUCTION

Active vehicle control systems are an ongoing subject of
research across many fields. These systems improve driv-
ing performance, stability, and comfort by adjusting pa-
rameters such as suspension, steering, and braking in real
time. Using sensors, actuators, and control algorithms,
their goal is to enhance both safety and performance. Rep-
resentative examples include active suspension, stability
control (yaw or rollover), and active steering systems.

The design of such control laws often requires knowl-
edge of road conditions to remain robust against envi-
ronmental changes. Another motivation for identifying or
compensating road characteristics is cost reduction, by
eliminating the need for expensive sensors. Furthermore,
accurate estimation of road conditions is essential for
the realization of fully autonomous driving (Khan et al.,
2022).

Two main road characteristics are considered in this work:
the road friction coefficient and the road slope. Recent
studies include Xia et al. (2019), who used a least-squares
forgetting factor method to identify vehicle resistance
forces, including slope, validated through simulations of
a full vehicle dynamics model. Yue et al. (2024) applied a
least-squares approach to identify slope and vehicle mass
to optimize automatic transmission performance, verified

L This paper is partially funded by the Vicerrectoria de Investi-
gacién y Estudios de Posgrado (VIEP-BUAP) under grant number
00593-PV /2025.

by hardware-in-the-loop testing. Yong et al. (2019) com-
bined an IMM-Kalman filter with a lookup table to iden-
tify friction coefficients and variable slopes, also validated
via hardware-in-the-loop experiments. Hao et al. (2017)
employed a Kalman filter to estimate slope gradient
and vehicle mass using acceleration measurements, vali-
dated through simulations and inertial navigation data.
Guo et al. (2022) proposed slope estimation based on
a Sage—Husa adaptive Kalman filter, tested with real-
vehicle data.

Regarding disturbance compensation using multi-agent
consensus, Ding (2015) proposed a disturbance observer
relying on relative state information, where observer gains
depended on network connectivity, validated in flight
formation simulations. Sun et al. (2018) investigated
consensus-based disturbance rejection for linear multi-
agent systems using relative state data with both state
and disturbance observers. Li et al. (2020) designed a
variable-based observer with an adaptive law for partial
fault detection, evaluated through numerical simulation.

In this work, we propose an online compensation method
for road friction and slope. Considering that active con-
trol systems must be implemented on microcontrollers,
a discrete-time implementation is required for practical
deployment as in Vasquez Cruz et al. (2024). We therefore
implement a multi-agent system using discrete extended
state observer (ESO). Multiple ESOs operate simultane-
ously, forming a multi-agent network to estimate the slope
value. A consensus law corrects disturbance estimation,
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and the resulting speed estimates are used to compensate
disturbance effects in the speed control loop. As far as the
authors know, there are no similar works in the literature.

The paper is organized as follows: Section 2 presents
the preliminaries and the statement problem; Section 3
defines the collaborative extended state observers used
in this work; Section 4 introduces the road condition
compensation design; Section 5 includes the numerical
simulations used to validate the cruise control algorithm.
Finally, Section 6 presents the work conclusions.

2. PRELIMINARIES AND STATEMENT PROBLEM
2.1 Graph Theory

Consider a graph G = {V, £} consisting of a set of vertices
(or nodes) V=1,...,N and edges £ € V x V. If there is
an edge (i,7) between nodes i and j, with 1 < ¢ < N
and 1 < 5 < N, then ¢ and j are called adjacent,
ie. £ = (i,j) €V xV:4,j adjacent. An entry of the
adjacency matrix A is defined by a;; = 1 if ¢ and j are
adjacent and a;; = 0 otherwise. Note that the diagonal
elements of the adjacency matrix are all zero for a graph
without any loop (as in the present paper). G is called
undirected if (i,5) € € < (j,i) € £. A path from i to
j is a sequence of distinct nodes, starting from ¢ and
ending with 7, such that each pair of consecutive nodes is
adjacent. If there is a path from 4 to j, then ¢ and j are
called connected. If all pairs of nodes in G are connected,
then G is called connected. The distance d(i,j) between
two nodes is the number of edges of the shortest path from
i to j. The diameter d of G is the maximum distance d(i, j)
over all pairs of nodes. The degree (or valency) matrix
D(G) of G is a diagonal matrix whose diagonal elements
d; are equal to the cardinality of node ¢’s neighbor set
Ni: ={j € V:(i,j) € £}. The Laplacian matrix £ of G
is defined as £ = D(G) — A(G). For undirected graphs, £
is symmetric and positive semi-definite, i.e. £ = £ > 0.
The row sums of £ are zero. Thus, the vector of ones 1
is an eigenvector corresponding to eigenvalue X;(G) = 0,
ie. L-1=0.

2.2 Statement problem

Let us consider the following class of non-linear systems
. { x(t) = Ax(t) + Bu(t) + E£(x(t), d(t))
NL :
vi(k) = Cx(k),

where x(t) € R"™ is the state of the system, u(t) € R
is the control action, £(x(t),d(t))) : R* x R — R is a
signal that lumps external disturbances and mismatches
between the real plant and the model, and y;(k) € R™
is a discrete measurable output obtained through the
i-th sensor with ¢ € {1,2...N}. In order to develop a
collaborative observer, one rewrites (1) in a discretized
extended-state form, considering £(-) a piecewise constant
function:

(1)

Copyright® AMCA, ISSN: 2594-2492

x(k+1) = Aax(k) + Bau(t) + Eq€(x(k), d(k))
Ek+1) =¢(k)
yi(k) = Cx(k),

XNLD :

(2)

with
T, T,
Ag=e2"T, By= / 9B, Eq4= / eAIOE .
0 0

The aim is to estimate x(k) and £(k) in terms of N
available noisy measurements y;(k) obtained through a
group of sensors. Each sensor and its corresponding algo-
rithm are considered a node, which exchanges information
with other nodes to collectively reach an estimate of the
underlying state and disturbance. Then, the estimate are
employed to compute a control action.

3. COLLABORATIVE ESO

A multi-agent system consists of multiple control units
or agents that work together, sharing information, to
achieve a common objective such as consensus, formation
control, or distributed optimization. In this work various
extended state observers will be the agents, each one
will contribute with its disturbance estimate to reach a
disturbance estimation consensus.

To accomplish this task, one can use the Proportional
Integral Observer (PIO) structure, representing a dis-
cretized version of the generalized ESO. However, in these
observers, the estimated state is predicted a step ahead.
This is why these observers are known as predictive
observers (Franklin et al., 1990). This means that the
estimated state at the instant £ depends on measurements
made at the instant k— 1, although y (k) might already be
available. Then, a current observer is considered, which
allows the incorporation of the most recent measurement
into the current estimate. It is carried out by splitting the
estimation into two steps, prediction, and correction.

77 (k) = Agzi(k — 1) + Bau(k — 1)

2i(k) = 2; (k) + L(yi(k) — Cz; (k) (3)
T2 jen, ke(2; (k) — 27 (k)

s [(%(B)\ 1 (AdEaq
o= (50) 2= (57)

Bd=<]i’)d>;é=(co)

Assumption 1. Let’s consider the first part of (3), that is,

{ 77 (k) = Agzi(k — 1) + Bau(k — 1)
d0bs o ~
2i(k) = 2; (k) + L(yi(k) — Cz; (k))

X 0Obs :

where

(4)

(5)

(6)
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then let’s assume that the vector L is choosing such that
[M(Ao)| < 1, being \(Ap) the eigenvalues of Ag =

(Ad - LéAd) and [ € {1,---,n + 1}. Then the error

vector defined as z— :=z—2~ — 0 as k — oo.

Now we are ready to declare our main result.

Proposition 1. Consider a sensor network with N sensors
and topology G = {V,&}, that is a connected graph
observing a process (2) using the sensor measurements
vi(k). Assume that A, and C are observable and assume
the nodes of the network implement the observer (3).
Then, the distributive observers solve the consensus prob-
lems that allow them to calculate the average of the state
z;(k) and x(k) — x(k) and (k) — £(k) when k — oo.

Proof 1. Consider the correction stage of the observer (3),
[ 2(k) = 2; (k) + L(yi(k) — Cz; (k)
EObs i

and let us define the following vectors:

Z(k) (21(k), 22(k)), -, 2n (k)T
Z=(k) = (2, (k), 25 (k)), -+, 2y (k)T
Z'k) = (z (k) zo(k), -, zn (k)T

where

Z; k)= 8
(k) (&(k)) (8)

In matrix form (for all the nodes) (7) can be rewritten as
Z(k) = WZ~ (k) + LC(Z(k) - 2™ (k) (9)

where
W=1-k.L (10)
with £ the Laplacian of the topology G. Since one con-

siders connected undirected graphs, and choosing k. such

that 0 < k. < ﬁ, the eigenvalues of W satisfy
max;> o

1=XM(W)> m32x|)\1(W)| =a<l.

That is, W restricted to the orthogonal subspace {1}
has spectral radius o < 1. Unrolling (9) and by Assump-
tion 1, it gives

1.
:NZZ_(k) (11)

4. ROAD CONDITION COMPENSATOR

The road condition compensator is comprised by a col-
laborative ESO and a speed PI control. Its objective it to
compensate the effect of the road slope variation in low
speed with an uniform performance in a speed interval of
operation. Next, the kinetic model of a vehicle is recalled
from Husain (2021).

Copyright® AMCA, ISSN: 2594-2492

4.1 Kinetic model of a vehicle

It is assumed that a vehicle moves on a road in a
tangential direction in a forward motion with unknown
slope changes. A tangential co-ordinate system is attached
to the center of gravity of the vehicle (cg). The tangential
systems origin is aligned with a fixed co-ordinate system
where both systems shared the same z direction but the x
and y directions of the tangential system will change with
the slope in the roadway. Using Newton’s second law in
the cg, the vehicle’s motion in the tangential co-ordinate
system can be modeled as

ZFT _ md’UT

where m is the vehicle total mass. Given that the gravi-
tational force is compensate by road reaction force, there
is not motion in the yr direction. it is assumed that
there is not motion in the zp direction either. Thus, the
total contribution of motion is in the xz direction with
velocity given by v,r. The propulsion unit will produce
the tractive force Frgr to move the vehicle forward. The
sum of opposing forces are defined as the road load, Fry,.
In this work these opposing forces will be represented by
a viscous friction term and the force term related to the
gravitational force, Fy,r, expressed as

FRL = bvzt + ngT 5 (]-3)
where b is the viscous friction coefficient. On the other
hand, the gravitational force depends on the slope of the
road. This force will be positive when mounting a slope
and negative when descending it. The gravitational force
is defined as

(12)

Fga:T =mg Sll’l(ﬁ) ) (14)
with g the gravitational acceleration constant and g is
the slope angle. Therefore, substituting equations (13-14)
in equation (12), the vehicle’s motion can be modeled by
the expression

dvg b . 1

WT = *Eva + gsm(ﬁ) + EFTR' (15)
For a more detailed description of some of the main op-
posing forces and a description of the vehicle’s dynamical
model, the book by Husain (2021) is highly recommended.

Note that (15) belongs to the class of non-linear systems
described by (1), with £(+) = gsin (5). Then, it admits a
discretized extended-state form, considering &(-) a piece-
wise constant function, similar to (2)

4.2 Observer and control

The state space equations for model (15) can be written
as

0 1

0_b ) Frr(t) +

m

[10] (),

z(t) = l ] x(t) +

0
& o)

y(t) = (17)
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with £ = gsin(8). Model (16-17) in discrete time, using a
ZOH with T, = 2 [s], can be expressed as

1 1.951 0.002843 1.9673
Tpt1 = Ty + ug + k-
0 0.9515 0.00282 1.9511

(18)

y(k) = [1 0] (k). (19)

Assuming that the output y(k) can be measured by i
sensors, there would be y; (k) outputs available. Then, the
current observer for the i—th measurement can be written
as in equations (3-5). Gains of vector L. can be defined
by assigning the characteristic equation poles inside the
unitary circle in the z plane,

det(zI — (® — L.C®)) = (2 — 24)° . (20)
Moreover, the continuous time observer poles and the
discrete time observer poles are related by the next
equation

zq = exp(—woTs/€) .

Finally, the next matrix definition are included to com-
plete the observer implementation.

1T, T2/2
01 T ,
00 1

d =

T?/2

11—z
%(1 — Zd)2(1 + Zd) ,
7%(1 — Zd)?’

On the other hand, the controller is a PI with a distur-
bance rejection term described by the expressions

u(k) = Kpe(k) + Kie(k — 1) — B Eqa22(k), (21)
with K, and K; the proportional and integral gains

respectively, Bj the pseudo inverse matrix of By, and
e(k) =y(k) — &2(k), e(k = 1) = y(k —1) = Z2(k — 1).

L,=

5. SIMULATION

The proposed road condition compensation scheme, based
on the ESO observer, was evaluated using MATLAB. A
light vehicle model with parameters from (Husain, 2021)
was employed. The system parameters are summarized in
Table 1.

Since realistic road slopes are typically below 5 = 15°,
four slope disturbances were considered: [0°,5°,10°,15°].
The reference velocity was set at 25km/h] = 7[m/s],
consistent with climbing scenarios.

Copyright® AMCA, ISSN: 2594-2492

Table 1. Vehicle parameters.

Parameter Value
mass (m) 692 [kg]
friction coefficient (b) 17.1890 [Ns/m]
gravitational acceleration constant (g) 9.81 [m/s?]

Ring Star
% b v
.2
.5
qe » &
LS
& * *5

Fig. 1. Graph topologies used in the simulation, the
estimated speed is taken from node 1 in both cases

Controller gains are calculated as K, = 2meyw, K; =
mw? where e = 0.1, wy = 0.0248, w = 5wy. While for
the four observes the tuning parameters where chosen
has € = 0.9,w; = 50wy, Ts = 2[s], therefore z4 = 0.636,
L =10.9997 0.6995 0.4384]7, the consensus gain k =
0.6. All simulations included output’s white noise with
o = 0.01 standard deviation.

5.1 Graph

The simulations where made for two types of graphs: ring
and star that can be seen in Figure 1. Star topologies
use a central hub, connecting each device individually
to it, while ring topologies connect each device to its
two immediate neighbors, forming a closed loop. Key
differences include star having a single point of failure
(the hub or node one), and high resilience. Whereas, ring
topologies have each node as a potential failure point,
lower initial cost, less reliable and it’s more difficult to
add nodes.

5.2 Discussion

The results, show in Figure 2-5, demonstrate that the
ESO-based consensus can estimate the states and the
disturbance in the presence of noise. Also, Root Mean
Square (RMS) error values for speed regulation and speed
estimation estimations are presented in Tables 2 and 3.
Key observations include:
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Disturbance estimation (beta = 0°)
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Fig. 2. Disturbance estimation observers consensus 5 =
0°. Upper: Ring. Lower: Star.
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3. Speed control and estimation 5 = 0°. Upper: Ring.

Lower: Star.

e The scheme compensates slope effects on speed con-
trol with uniform performance across slope values.

e The RMS error values show that there is a mini-
mal difference when using a ring or a star graph.
However, their advantages and disadvantages are
commonly known.

e Although simulations assumed multiple sensors, the
scheme can also be implemented as digital twins with
varying disturbance models.
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Fig.

Disturbance estimation (beta = 15°)
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4. Disturbance estimation observers consensus § =
15°. Upper: Ring. Lower: Star.
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Fig. 5. Speed control and estimation § = 15°. Upper:
Ring. Lower: Star.

e The system maintains uniform performance in the
presence of sensor noise, with disturbance estimation
and regulation speed largely unaffected for all the
slope values. Uniform performance is key to guaran-
tee comfort driving for all scenarios.

6. CONCLUSIONS

This work proposed a road condition compensation
scheme based on consensus among extended state ob-

419

https://doi.org/10.58571/CNCA.AMCA.2025.071



XX Congreso Latinoamericano de Control Automatico (CLCA 2025)
13-17 de Octubre, 2025. Cancun, Quintana Roo, México

Table 2. Speed regulation error RMS value.

€RMS
Angle/Graph RING STAR
B =0° 1.8801 1.8821
B =5° 1.6794 1.6663
B =10° 1.4580 1.4569
B =15° 1.2552 1.2554

Table 3. Speed estimation error RMS value.

Erms
Angle/Graph RING STAR
B =0° 0.0116 0.0113
B =5° 0.0362 0.0353
B =10° 0.0693 0.0716
8 =15° 0.1044 0.1063

servers. The approach effectively compensates for slope
disturbances, ensuring uniform speed control performance
even under sensor noise. This scheme may contribute
to cost-effective active vehicle control systems by enable
the use of simpler and low-cost sensors in multi agent
consensus.

Future research will include experimental validation of
the proposed framework, using different positions sensors
with different noise values. Additionally, the estimation
of parameters such as vehicle mass and friction coefficient
will be explored. Another direction for future study is the
coupling between road slope and vehicle body pitch, as
discussed in Liu et al. (2023); Kim et al. (2018).
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