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Abstract

In this paper, we present an LMI-based approach for comfort-oriented cruise control of an autonomous vehicle. First, vehicle longitudinal 

dynamics and a corresponding parameter-dependent state-space representation are explained and discussed. An LMI-based polytopic 

LQR controller is then designed for the vehicle speed to track the reference value in the presence of noise and disturbances, where 

the scheduling parameters are functions of the vehicle mass and the speed itself. An appropriate disturbance force compensation 

term is also included in the designed controller to provide a smoother response. Then we detail how the reference speed is calculated 

online, using polynomial functions of the given desired comfort level (quantified by the vertical acceleration absorbed by the human 

body) and of the road type characterized by road roughness. Finally, time-domain simulations illustrate the method’s effectiveness.
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1 Introduction
Due to the worldwide research interest, nowadays, auton-
omous vehicles are gaining more and more attention. 
This is thanks to their capabilities, from collision avoid-
ance (Lunze, 2019) to fuel economy (He et al., 2020), 
towards safer and greener traffic.

Cruise control refers to adjusting the vehicle speed for 
various purposes, e.g., collision avoidance, i.e., maintain-
ing a safe distance between vehicles, or fuel consumption 
reduction, i.e., taking advantage of steep hills. Existing 
work on cruise control includes several methodologies 
such as optimal, robust, and LPV control (Gáspár et al., 
2017; Kayacan, 2017; Németh and Gáspár, 2011; 
Öncü et al., 2014; Rajamani and Zhu, 2002). Some work 
has been linked to the comfort objective (Du et al., 2018; 
Mohtavipour and Mollajafari, 2021; Schmied et al., 2016).

This article focuses on a Linear Matrix Inequality (LMI) 
based polytopic LQR cruise control strategy of an autono-
mous vehicle so as to guarantee riding comfort. Indeed, as 
detailed by Ahlin and Granlund (2002); Costa et al. (2020) 
and Loprencipe et al. (2019), there exists a link between 

the vehicle speed and the resulting comfort level, charac-
terized by the Root Mean Square (RMS) vertical acceler-
ation absorbed by the passenger, which is caused by road 
displacements at the four wheels being transmitted through 
the suspension system (related to vehicle vertical dynam-
ics). This leads to the need of determining and tracking the 
suitable, comfort-oriented reference speed values for the 
vehicle, hence the cruise control problem. 

This article follows the recent papers of the authors 
about LPV/H2 control with disturbance force compensa-
tion (Tran et al., 2021) and a grid-based linear quadratic 
regulator (LQR) (Tran et al., 2020). Compared with the 
latter, the LMI conditions for polytopic systems guarantee 
stability and performance of the closed-loop system for 
any parameter variation.

The main advantage of this article, compared to other 
works like Wu et al.'s (2020) article, is that we rely on very 
basic assumptions for the system, considering benefiting 
from the knowledge of the vehicle mass using built-in load 
cells, of the road slope thanks to algorithms such as in the 
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papers of Li et al. (2017); Vahidi et al. (2005) and Yin et al. 
(2018), and of the road type thanks to algorithms such as in 
Tudón-Martínez et al.'s (2015) article. Here, we do not focus 
on suspension control, but the vertical dynamics still plays 
an important role in this study in the sense that the pre-
computed reference speed functions are obtained from the 
evaluation of comfort level that was done using the quar-
ter-car model (Costa et al., 2020). The scheduling parame-
ters, in our case, are functions of the vehicle mass and the 
speed itself (self-scheduling), which allows us to change 
the representation of the vehicle longitudinal dynamics 
from a nonlinear one to a linear parameter-varying (LPV) 
one. An LMI-based optimal controller is then designed by 
extending existing results of the linear time-invariant (LTI) 
systems to LPV systems represented in a polytopic form.

This article is organized as follows. Section 2 gives 
the system modeling where longitudinal dynamics is pre-
sented and written into state-space form. An LMI-based 
polytopic LQR cruise controller is developed in Section 3. 
In Section 4, we present how riding comfort is quantified 
and how the reference speed is calculated corresponding 
to the desired comfort level. In Section 5, we evaluate the 
control strategy using simulations with different scenarios. 
Finally, Section 6 gives further analyses and conclusions.

2 System modeling
2.1 Vehicle longitudinal dynamics
Consider an autonomous vehicle of mass m traveling on a 
road of slope θ at the speed of v. This vehicle is subject to 
the forces shown in Fig. 1.

The equation of motion is written (Gáspár et al., 2017) 
for the vehicle as

mv F F F Fr a g � � � � , (1)

where F is the longitudinal control force, Fr = mgCrcosθ is 

the road friction force, F C D Sva v a=
1

2

2  is the aerodynamic 

drag, and Fg = mgsinθ ≈ mgθ is the gravitational drag. Here 
g is the gravitational acceleration, Cr is the rolling friction 
coefficient, Cv is the aerodynamic drag coefficient, Da is the 
air density, and S is the vehicle's frontal area. Equation (1) 
is then rewritten as 

mv F mgC C D Sv mgr v a � � � �cos� �
1

2

2 . (2)

Let us assume the following:
• The vehicle mass and speed are measured online 

thanks to built-in load cells and a speedometer. 
• The road slope θ is estimated online as θ̂ using 

algorithms such as in the papers of Li et al. (2017); 
Vahidi et al. (2005) and Yin et al. (2018). 

Such assumptions allow for disturbance force compen-
sation. The force F has two parts 

F F Fff fb� � , (3)

where F mgC mgff r� �cos� �̂ ̂ ̂  is the feed-forward com-
ponent that compensates for Fr and Fg where Ĉr is the esti-
mated value for Cr , and Ffb is the feedback component. 
As the compensation is inexact, we obtain

mv C D Sv F mv a fb Fff
 � � � �

1

2

2 � , (4)

where �F r rff
g C C g� �� � � �� �cos cos� � � �̂ ̂ ̂  is the 

resulting noise. 

2.2 An LPV state-space representation
First, since our objective is to accurately track a reference 
speed vref , the system model is extended with an integral 
term of the tracking error. Therefore, let us introduce a 
new variable z, where

z v vref� � . (5)

Following Eq. (4), by choosing �� � �
��

�
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(6)Fig. 1 Longitudinal forces acting on a vehicle
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which is then rewritten as 

x A x B B B
Cx

� � � � � � � �

�

�� �� u r w
y

1 2
,

,

 (7)

where x � � �v z T  is the state vector, u = Ffb is the control 
input, r = vref is the reference, w Fff

� �  is the noise, and 
y = v is the measured output. In this representation, ρ is 
known/estimated and is bounded, i.e., �� �� ����� ��, .

It is worth noting that the system in Eq. (6) is referred to 
as a quasi-LPV system since the parameter vector depends 
on the state variable.

Values of the parameters are presented in Table 1.
The mass is assumed constant while the vehicle is trav-

eling, but it can be different for each run (depending on the 
number of passengers and amount of luggage). Besides, 
the speed is bounded in [0, 35] m/s. 

Note that we consider the maximum value (in magni-
tude) for the longitudinal control force as 4000 N.

3 LMI-based polytopic LQR cruise control
In this part, the cruise controller is designed as a state-feed-
back LPV optimal controller. Such a design method is per-
formed in the LMI framework, allowing us to extend well-
known results for LTI systems to LPV ones. Those main 
results are detailed in Proposition 1. 

Proposition 1 (de Souza et al., 2003; Xie, 2005): 
Consider the following system, control input, and cost 
function
x A x Bu B w
z C x D u
u K x

z z

w

z z

u

� � � � �
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,

,

,

min ,J T

0

dt

 (8)

where x is the state, w is noise, z is the controlled output, 
ρ is a vector of N scheduling scalar parameters. Note that 
B needs to be parameter-independent. The state-feedback 
controller gain K(ρ) that stabilizes the system in Eq. (8) is 
found, minimizing the cost J, in a three-step procedure. 

Let ωi be a vertex of ρ, i = 1,2,…, 2N. First, we solve for 
matrices Yi , Wi , and a positive-definite matrix P, minimiz-
ing γ > 0 s.t
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(9)

Then, Ki = YiP
−1 is the controller corresponding to the 

LTI system at vertex ωi . Finally, since the system in Eq. (8) 
is parameter-independent in the control input, K(ρ) is 
found using the polytopic method as

K K�� ��� � � � ��
i

i i

N
2

� ,  (10)

where �i i��� � � �0,  and 
i

i

N
2

1� � � �� ��  are the 

interpolation functions for gain scheduling.
Proof: The proof is available in the works of de Souza 

et al. (2003) and Xie (2005). This is applied here to poly-
topic systems, in the framework of quadratic stability, so 
considering a single Lyapunov function.

For controller design, the system in Eq. (7) is first written 
in a polytopic form as in Apkarian et al.'s (1995) article, 

so that the state matrix now writes A A�� ��� � � � ��
i

i i

N2

� . 

Note that, since the input matrix must be parameter-
independent to apply the polytopic method, while the 
system in Eq. (7) has a parameter-dependent control input 
matrix, we need to add the following filter to the input 
matrix as explained by Apkarian et al. (1995):

x A x B u
u C x
f f f f f

f f

� �

�

,
,

 (11)

where Af = −1/τf , Bf = 1/τf , Cf = 1 where τf is a small con-
stant. The system in Eq. (7) is then extended into
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 (12)

where uf is the new, parameter-independent control input. 

Table 1 Parameter values

Symbol Value SI unit

m [1400, 1680] kg

Cr 0.01 -

Cv 0.32 -

Da 1.3 kg/m3

S 2.4 m2

g 9.8 m/s2
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Remark 1: It is worth noticing that the above results 
ensure stability and performance of the closed-loop LPV 
system for any parameter variation.

Remark 2: If Cz and Dz are full-rank matrices and sat-
isfy C Dz

T
z = 0 , then the cost function J is an LQR one 

where Q z
T

z� �C C 0  and R z
T

z� �D D 0 . 
Remark 3: The matrix Bw is appropriately chosen to 

normalize the effect of the noise w on the system dynam-
ics, avoiding being overly conservative.

Proposition 1 is then applied to the system in Eq. (12) 
to find the cruise controller. We choose τf = 0.001 s for the 
filter in Eq. (11), and the matrices Cz and Dz as

C Dz z�
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,  (13)

to lay greater emphasis on the integral of the tracking error.

4 Comfort-oriented reference speed calculation
4.1 Evaluation of comfort level
The road is classified into different types, defined by the 
ISO 8608:2016 standard (ISO, 2016). It is known that the 
road displacements at the four wheels depend not only on 
the road type but on the vehicle speed as well. In Fig. 2, we 
show various road displacement profiles corresponding to 
the constant speed of 12 m/s, with different road types A–D.

The displacements/vibrations are transmitted to passen-
gers through vehicle vertical dynamics, causing driving 
discomfort due to vertical acceleration. The riding comfort 
of onboard passengers is thus quantified by the RMS of 
the vertical acceleration filtered by Zuo and Nayfeh (2003):

W s s s
s s s sISO

�
� � �

� � � �
81 89 796 6 1937 0 1446

80 2264 7172 2119

3 2

4 3 2

. . .

66
,  (14)

which serves to model human perception of accelera-
tion. The comfort levels are evaluated according to the 
ISO 2631-1:1997 standard (ISO, 1997) as listed in Table 2.

4.2 Comfort-guaranteeing reference speed
Our research group has proposed a method (in Costa et al.'s 
(2020) work) to compute the reference speed value given 
the estimated road type and desired comfort level using 
polynomials. We experimented with different road types 
and speed values using a quarter-car model, then obtained 
and related the calculated comfort criteria with the vehicle 
speed (see Fig. 3). 

Then, a fitting method was used to find the polynomi-
als (see Table 3) that gave us the suitable reference speed 
values from the desired comfort level (characterized by 
the RMS acceleration specified by passengers) for each 
road type A–D.

These polynomial functions are precomputed and pro-
grammed into the vehicle for online calculation of the 
comfort-oriented reference speed. Indeed, in practice, 
the road type can be estimated thanks to estimation algo-
rithms such as in Tudón-Martínez et al.'s (2015) article.

Table 2 Evaluation of riding comfort from RMS acceleration

RMS value Evaluation of comfort

Less than 0.315 m/s2 Not uncomfortable

0.315–0.63 m/s2 A little uncomfortable

0.5–1 m/s2 Fairly uncomfortable

0.8–1.6 m/s2 Uncomfortable

1.25–2.5 m/s2 Very uncomfortable

Greater than 2 m/s2 Extremely uncomfortable

Table 3 Comfort-oriented reference speed polynomials

Road 
type

Comfort-oriented reference speed function vref(q) where q is 
RMS acceleration

A −281058.82q7 + 616932.65q6 − 553287.74q5 + 259269.77q4 
− 67006.34q3 + 9126.1q2 − 490.82q + 17.03

B −2918.46q7 + 12566.60q6 − 22133.93q5 + 20420.08q4 
− 10438.88q3 + 2839.03q2 − 319.40q + 20.36

C −20.58q7 + 176.82q6 − 620.95q5 + 1140.85q4 − 1158.9q3 
+ 623.06q2 − 134.38q + 17.84

D −0.19q7 + 3.22q6 − 22.33q5 + 81.06q4 − 162.92q3 + 174.09q2 
− 76.47q + 19.57
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Fig. 3 Comfort-guaranteeing reference speed polynomials
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Fig. 2 Road displacement for types A–D for a speed of 12 m/s
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5 Simulation results
In this part, the proposed cruise control method is validated 
through time-domain simulations using different scenarios. 

5.1 Simulation scenario 1
Consider a vehicle mass of 1680 kg (maximum). In this 
300-second long scenario, as shown in Fig. 4 and Fig. 5:

• The comfort level (characterized by the desired RMS 
acceleration) decreases from 0.3 m/s2 to 0.2 m/s2 at 
60 s (about 600 m), then increases to 0.4 m/s2 at 180 s 
(about 2300 m), and then decreases to 0.3 m/s2 at 
240 s (about 4200 m).

• The road type (characterized by the estimated road 
roughness) changes from B to A at 120 s (about 
1100 m) and back to B at 240 s (about 4200 m).

The resulting reference and vehicle speed are shown in 
Fig. 6, while the longitudinal control force is shown in Fig. 7.

We see that under disturbances, the tracking is achieved 
after around 200 m, with a limited control force.

5.2 Simulation scenario 2
This second scenario is dedicated to robustness assessment 
of the controlled system considering inadequate knowl-
edge of some system parameters, which are called uncer-
tain parameters. Consider the vehicle mass of 1470 kg and 

the rolling friction coefficient Cr = 0.01 ± 10% as an uncer-
tain parameter.

In this 120-second long scenario, as shown in Fig. 8 and 
Fig. 9:

• The comfort level (characterized by the desired RMS 
acceleration) increases from 0.2 m/s2 to 0.4 m/s2  
at 24 s (about 450 m), then decreases to 0.3 m/s2 at 
72 s (about 1600 m), and then decreases to 0.2 m/s2 at 
96 s (about 1800 m).

• The road type (characterized by the estimated road 
roughness) changes from A to B at 48 s (about 
1200 m) and back to A at 96 s (about 1800 m).

The resulting reference and vehicle speed are shown in 
Fig. 10, while the longitudinal control force is shown in 
Fig. 11.
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Fig. 4 Simulation scenario 1: Desired RMS acceleration
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Fig. 5 Simulation scenario 1: Road roughness
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Fig. 6 Simulation scenario 1: Resulting reference and vehicle speed
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Fig. 7 Simulation scenario 1: Longitudinal control force
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We see that when the rolling friction coefficient is con-
sidered uncertain, the controlled system still achieves a sat-
isfactory tracking performance with a limited control force. 

The two simulation scenarios show that the cruise con-
trol strategy works and is robust enough w.r.t the consid-
ered level of uncertainty.

6 Conclusion
This article proposes a state-feedback cruise controller 
using an LMI-based LPV LQR method under the poly-
topic approach, which is effective and robust w.r.t distur-
bances and uncertainty. Combined with the comfort-ori-
ented reference speed calculation strategy, it allows us to 
guarantee passenger riding comfort. 

Further research on comfort-oriented vehicle control 
can be conducted using machine learning algorithms in 
order to take into account several types of data coming 
from the vehicles and infrastructure.
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