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The framework of minimum sensor helps reduce the number of sensors in vehicle automation. This
framework is a promising approach to decrease hardware costs of driverless vehicles without signifi-
cantly losing desirable performance and reliability. Even though cost is not the concern, it also provides
a straightforward fault-tolerant solution in case of sensor failures. This paper presents a terminal sliding
mode (TSM) controller for automated car-following systems, where only the radar is additionally
equipped and no acceleration information is used. The automated controller design is based on the so-
called finite-time convergence concept after compensating for the nonlinearities of powertrain dynamics
via an inverse model. The controller uses a terminal function with non-integer exponents to improve the
convergence rate of sliding mode, and designs a matched terminal attractor as the reaching law outside of
sliding mode. The newly designed TSM controller has high robustness to modeling uncertainties and
external disturbances, without the issues of singularity and chattering that are usually accompanied with
conventional counterparties. For nominal conditions, it is proved that the inter-vehicle state from any ini-
tial position asymptotically converges to zero. For uncertain conditions, the bounded closed-loop stability
is guaranteed under some mild assumptions on preceding vehicle acceleration and road slope. The effec-
tiveness of this controller is validated using computer simulations and road tests on a passenger car
equipped with an internal combustion engine and 5-speed automatic transmission.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

An autonomous vehicle is capable of fulfilling the driving capa-
bilities of humans with a traditional car. Besides recognizing route
and sensing environment, automated motion control is the most
important issue for driverless automation. The automation tech-
niques have been successfully developed and utilized to control
some aspects of vehicle dynamics [1–4]. Some elementary demos
date back to the 1980s. Since then, numerous major companies
and research organizations have developed prototyping autono-
mous vehicles, and significant advances have been made in tech-
nology. In spite of the various benefits to increased vehicle
automation, some foreseeable challenges persist, including cost
of hardware, liability for damage, cyber security, human–machine
co-pilot, implementation of legal framework, establishment of gov-
ernment regulations, etc. Therefore, it is commonly believed that
fully vehicular automation is still not implementable in the near
future, and semi-automation will be the dominating status for a
long time. As the continuum of cruising control and adaptive cruise
control, longitudinal automation is one of the most significant
technologies for semi-automation.

In a commercial product, the use of an automated driving sys-
tem is often quite expensive due to the cost of supplementary sen-
sors, e.g. radars and IMUs (Inertial Measurement Unit), and
actuators, e.g. electric–hydraulic braking (EHB) system [5]. The
concept of minimum sensor control, aiming to reduce the number
of sensors, is promising to reduce the hardware cost further. Under
this framework, autonomous vehicles are only equipped with radar
sensors to detect the distance between the preceding and follow-
ing vehicles, which is the major requisite for inter-vehicle range
detection, however IMUs are not equipped. The longitudinal con-
troller is then implemented only based on outputs of radar, but
without reliance on any vehicle acceleration information. This
approach can directly reduce the cost of longitudinal automation
of vehicles. Even though cost is not important in some special
cases, e.g. military applications, it still provides a straightforward
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Fig. 1. Automated car-following system.
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fault-tolerant solution in the case of acceleration sensor failures
[6]. Basic strategies for vehicle longitudinal automation can be cat-
egorized into two types, i.e., hierarchical control [7,8] and inte-
grated control [10,11]. In the first one, an upper layer controller
and a lower layer controller are designed separately, and an
interim control variable (often being desired longitudinal accelera-
tion) connects the two controllers together. In the second one, only
an integrated controller is synthesized between the inputs (vehicle
states) and the outputs (actuator commands) of the plant. In the
minimum sensor framework that the longitudinal acceleration
measurement is not accessible, the hierarchical control strategy
is not applicable. An immediate remedy for this issue is to estimate
the acceleration using other measurements, for example, wheel
speeds and/or GPS. The pioneering work of Hebbale and Ghoneim
[12] shed light on estimating acceleration from wheel speed based
on the Kalman filter. Ferrara and Pisu [6] designed a model-based
observer that considers the nonlinearities of vehicle longitudinal
dynamics. However, these approaches may cause large estimation
error on acceleration due to tire slip, sensor noise, powertrain
uncertainties, and external disturbances (e.g., road slop and envi-
ronmental wind), thus leading to large error in acceleration control
and further large error on controlling inter-vehicle states.

This paper proposes an alternative approach for the automated
car-following system that does not depend on estimated accelera-
tion. The challenges without the reliance on acceleration informa-
tion are the performance deterioration in the convergence rate and
the closed-loop stability. To address this issue, we consider a
recent advance on sliding mode control method, i.e. terminal slid-
ing mode (TSM). The TSM uses so-called the finite-time conver-
gence concept, and has been proven to have special merits on
high stability and robustness to modeling uncertainties and exter-
nal disturbances. This advantage comes from its extraordinary ter-
minal function. To the best of our knowledge, Venkataraman and
Gulati (1993) are the first researchers to introduce terminal func-
tion to sliding mode control field [13]. Considering a second-order
robotic system, an earlier terminal function (TF) is selected as
s ¼ _xþ axp=q, where x 2 R is the system state, a 2 Rþ and p; q 2 N,
satisfying p < q. It is well known that a linear sliding function gen-
erates exponential stability, and the state infinitely approaches,
but is never exactly equal to, the equilibrium point. On the con-
trary, the terminal function enables a finite time convergence
property because of the non-integer exponent. For multi-input
multi-output (MIMO) systems, Man and Yu (1996) extended this
type of terminal function to high-dimensional situations [14].
The following research also proved its finite time convergence
property for some cascading systems [15]. This control method
was applied to n-link rigid robotic manipulators and its good
robustness to large uncertain dynamics was also observed [16].
Compared to a linear sliding function, earlier terminal function
might have slower convergence speed although it still converges
in finite time. The reason is as follows: since p < q, the exponent
of state x is smaller than one. Thus, when x� 1, the derivative _x
in the sliding mode will be much smaller than that in similar linear
sliding mode. To address this issue, Yu and Man et al. (1997) pro-
posed a terminal function with fast convergence characteristics
[17], called fast terminal function (FTF) with s ¼ _xþ axc þ axq,
where 0 < c < 1, q > 1, c;q;2 Rþ. The FTF contains a polynomial
term of order higher than 1, forcing state to converge faster than
any linear sliding function. Yu and Guo et al. (2006) obtained its
global description and applied it to design both reaching law and
sliding function [18].

One major drawback of TSM control is the singularity issue. Yu
and Man et al. (1997) modified the high-order FTF and pointed out
that the singularity disappears if some exponents satisfy an
inequality condition [17]. In [19,20], researchers designed a
terminal sliding mode control law for a nonlinear dynamic system.
However, for actual plants, the instantaneous singularity still exists
because of parameter perturbations, external disturbances, and
measurement errors. Feng and Bao et al. (2002) developed a non-
singular terminal function (NTF), realizing that the state converges
in finite time during the sliding mode and the control law has no
negative exponential term [21], shown as s ¼ b _xp=q þ x, where
p > 0, q > 0, q is integer, and 1 < p/q < 2. Combined with the global
reaching conditions, a nonsingular terminal sliding mode (NTSM)
control law can be designed in [22,23]. But this kind of terminal
function has slow convergence speed in the region far away from
equilibrium point. Moreover, a switching term inevitably exists
in the control law, causing the commonly known as chattering
problem (another famous issue in sliding mode control). This lar-
gely limits its application in engineering practice.

The objective of this paper is to design an automated car-fol-
lowing controller that does not rely on the information of longitu-
dinal acceleration. To maintain desirable robustness, the terminal
sliding model control method is adopted for controller design, in
which the rapidity and singularity are the two key concerns. A fast
and nonlinear terminal function with non-integer exponent is pro-
posed to improve the convergence rate of the sliding mode, and a
matched terminal attractor with negative exponent is designed as
the reaching law outside of the sliding mode. The designed control-
ler has high robustness to model uncertainties and external distur-
bances, without the issues of singularity and chattering that often
company with many other conventional sliding mode controllers.
For both nominal conditions and uncertain conditions, the stability
and robustness are analyzed and proved. The remainder of this
paper is structured as follows: Section 2 summarizes the funda-
mentals of the nonsingular fast terminal sliding mode (NFTSM)
control method. In Section 3, the car-following system method is
introduced and modeled. The design of longitudinal controller is
presented in Sections 4 and 5 analyzes the stability and robustness
of closed loop system for both nominal and uncertain conditions.
In Section 6, the effectiveness of this newly proposed control
method is studied through both computer simulations and field
tests.
2. Modeling of automated car-following system for control

A typical automated car following system includes two vehi-
cles: one preceding vehicle (PV) and one following vehicle (FV).
The predecessor is the closest vehicle located in the same lane as
the follower. Here, the follower is a passenger car, only equipped
with front-viewed millimeter wave (MMW) radar, but without
any IMUs (i.e. no acceleration information is accessible). The out-
puts of MMW radar include inter-vehicle distance d and relative
speed. Dm Other information of vehicle longitudinal information
will be acquired via original CAN bus, which reduces the cost of
equipping the car with new sensors and signal processing system.
Fig. 1 shows a typical automated car-following system, running on
a slope.



Fig. 2. Sketch of vehicle powertrain dynamics.
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Fig. 2 sketches the longitudinal dynamics of the FV. Its major
components include a gasoline engine, a 5-gear automatic trans-
mission (including torque converter), a differential, a final gear,
two rear half-shafts, four wheels, and a vehicle body [8,9]. The nec-
essary signals for control include engine speed xe, vehicle speed v,
gear ratio of automatic transmission ig, inter-vehicle distance d,
and relative speed Dd. They are all measurable under the current
sensing framework. The control input is the throttle angle athr.
The powertrain is controlled by an electronic throttle device,
instead of a human driver, to automatically adjust vehicle longitu-
dinal motion. Here, we do not consider controlling the braking sys-
tem (see Fig. 3).

To accurately describe the longitudinal dynamics, Cho and Hed-
rick [24] have suggested using a model with 8 states and 2 time-
delays. However, for any embedded control systems using sliding
mode control [2], adaptive control [5], or model predictive control
[25], a lower order vehicle model is more desirable in order to sim-
plify the design task and facilitate the real-time application. Here,
we only consider major longitudinal dynamics of vehicle body and
neglect all secondary dynamics, e.g., fuel delivery and combustion,
rear shaft torsion, wheel slipping dynamics, etc. [26]. The simpli-
fied model for vehicle longitudinal dynamics is described below:

Te ¼MAPðxe;athrÞ
Ted ¼ 1

sesþ1 Te; Ted � Tp ¼ Je _xe
ð1Þ

Tp ¼ CTCx2
e ; Tt ¼ KTCTp

ig i0gT Tt
rw
¼ dM _v þ 1

2 CAAqv2 þMgmf þMgmh

where Te is the engine torque command, Ted is the actual engine tor-
que, se is the time constant of engine dynamics, MAP(�,�) is a nonlin-
ear tabular function representing engine static characteristics, Tp is
the pump torque of torque converter, Je is the inertia of fly wheel, Tt

is the turbine torque of torque converter, CTC is the capacity coeffi-
cient of torque converter, KTC is the torque ratio of torque converter,
i0 is the ratio of final gear, gT is the mechanical efficiency of drive-
line, rw is the rolling radius of wheels, M is the vehicle mass, v is
the vehicle speed, CA is the coefficient of aerodynamic drag, A is
50
100

2000
4000

6000

0

100

200

 Speed [rpm] Throttle angle [%]

 T
or

qu
e 

[N
.m

]

Fig. 3. Engine static characteristics (MAP function).
the frontal cross-area, q is the air density, gm is the gravity coeffi-
cient, f is the coefficient of rolling resistance, h is the road slope,
and d is the lumping coefficient, defined as

d ¼ 1þ Iw

M � r2
w

ð2Þ

where Iw is the inertial moment of four wheels.
Note that ig is discontinuous, which is determined by throttle

angle athr and vehicle speed; CTC and KTC are not constant, varying
with the speed ratio of torque converter:

ig ¼ ig athr;vð Þ
CTC ¼ CTCðkÞ; KTC ¼ KTC kð Þ

k ¼ xe

xt
; xt ¼ igi0

v
rw

ð3Þ

where igðathr;vÞ is shown in Fig. 4, CTCðkÞ and KTCðkÞ are shown in
Fig. 5, and k is the speed ratio of torque converter, xt is the turbine
speed of torque converter. Other vehicle parameters are summa-
rized in Table 1. The simplified model for control is validated by
field tests of a passenger car. The setup of the passenger car is fur-
ther introduced in Section 5. The car experiment is carried out on a
flat and long road, with maximum road slope <2%, and wind
speed <8 m/s. The mass of experimental car includes driver, exper-
imenter, and equipped devices, etc. The signals of throttle angle,
engine speed, vehicle speed, vehicle acceleration are collected at
the frequency of 10 Hz. Fig. 6 illustrates the validation results of
the simplified vehicle model.

3. Synthesis of automated car-following controller

Autonomous and semi-autonomous road vehicles have been
created for transporting passengers and cargo. A widely known
application is the adaptive cruise control, which is an enhancement
of traditional cruise control system for road vehicles that automat-
ically adjusts the vehicle speed to maintain a safe distance from
vehicles ahead. Under the minimum sensor framework, the auto-
mated car-following system has no acceleration information and
thus the hierarchical control strategy is not applicable for control-
ler design. For the sake of controller design, a two-state space
model including both vehicle and inter-vehicle longitudinal
dynamics is derived in order to use the integrating control strategy.
Define two state variables as relative speed Dv and distance error
Dd

Dv ¼ vp � v
Dd ¼ d� ddes

ddes � sh � vp þ d0

ð4Þ

where vp is the PV speed, d is the inter-vehicle distance, and ddes is
the driver desired inter-vehicle distance, governed by the constant
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Table 1
Parameters of vehicle dynamics.

Parameter Unit Value

M kg 1747
i0 – 3.86
rw m 0.30
CA kg/m 0.303
ig – [3.62,1.925,1.285,1.0,0.667]
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time headway (CTH) policy, sh is the headway time and d0 is the off-
set [25]. For typical drivers of passenger cars, it is selected as
sh = 1.5 s and d0 = 5 m. For the inter-vehicle longitudinal dynamics,
we have

_d ¼ Dv ð5Þ

Collecting Eqs. (1), (4) and (5), we obtain the two-state space
model by employing a new interim control variable u:
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Fig. 6. Verification of model ac
D _d ¼ Dv � shap

D _v ¼ uðvÞ þ uþ ap þ gm
d � h

(

uðvÞ � 1
dM

1
2

CAAqv2 þMgmf
� � ð6Þ

where ap is the PV acceleration, uðvÞ 2 C is a nonlinear function of
vehicle speed v, and u is the interim control variable, which has
nonlinear relationship with Tt, defined below in Eq. (7)

u ¼ ig i0gT

Mrw
Tt ð7Þ

If considering u as the control input, Eq. (6) can be well regarded
as a time-invariant model even though the gear is not fixed. Under
the minimum sensor framework, the lack of accelerometer often
weakens the accurate tracking of vehicle acceleration, which con-
sequently leads to slow convergence speeds and large tracking
errors. The TSM control law has good robustness, but its singularity
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and chattering issues restrict its practical applications. Considering
both the issues of singularity and chattering, a terminal sliding
mode controller is proposed for Eq. (6):

u ¼ uðvÞ þ bq
p

/sþ bq
p

Dv2�p=q 1þ g
ah

Ddg=h�1
� �

ð8Þ

where Ttdes is the desired turbine torque from the TSM controller. In
Eq. (8), s is the sliding mode, defined as

s ¼ Ddþ 1
a

Ddg=h þ 1
b

Dvp=q ð9Þ

where a 2 Rþ, b 2 Rþ, and p, q, g, h 2 N+ are odds, satisfying 1 < p/
q < 2 and 1 < p/q < g/h. The associated reaching law is given by

_s ¼ �/s � Dvp=q�1 ð10Þ

where / 2 Rþ. In the control law (8), the exponentials of Dm and Dd
are positive, and thus there is no singularity issue. The exponential
term of Dm in Eq. (8) contains a factor related to Dd, i.e.

1þ g
ah Ddg=h�1

� �
. When the tracking errors are far away from equi-

librium, this factor has a tendency to improve the convergence
speed. As the state approaches the equilibrium point, this factor
approximates 1 and Eq. (8) becomes similar to conventional TSM
control. In addition, the control law in Eq. (8) is not directly con-
nected to the engine inputs. The following inverse static equalities
are needed to further compute desired engine torque Tedes and
desired engine speed xedes for the engine:

Ttdes ¼
dMrw

igi0gT
u

Tedes ¼ CTC
rw �xedes

igi0v

� �
x2

edes

Ttdes ¼ KTC
rw �xedes

igi0v

� �
Tedes

ð11Þ

Note that the inverse static equalities are derived by assuming that
engine dynamics and the inertia of the flywheel are neglected.
These assumptions naturally cause large errors in engine control.
Therefore, a PID-based inner loop controller for the engine is used
to compensate for the error in dynamic condition, as shown in
Fig. 7. The inner loop controller has two PID controllers, and a for-
ward compensator. The forward compensator is based on the
inverse torque model of engine, i.e. the function athrdes ¼
MAP�1 Tedes;xedesð Þ (Note that MAP�1 is the inverse function of
MAP). Between gear shifts, the gear ratio ig is fixed and Eq. (6) is
a time-invariant model. When the gears are shifted, the state tran-
sition can be taken as the initial error of states. For normal driving
conditions, frequent gear switching does not always occur because
vehicle speed usually changes smoothly. Hence, any initial error
will converge before the next gear switching since a long period
exists between two shifts. This is particularly true for sparse traffic
flows on city highways or inter-city expressways. The automated
car-following controller is designed for FV to track PV in an accurate
and robust manner.
E
ngine

Fig. 7. Inner loop controller for engine.
4. Performance analysis of closed-loop control system

In this section, we further analyze the robustness of abovemen-
tioned controller under the minimum sensor framework. The anal-
ysis and proof will be first carried out for nominal condition, and
then extend to a more realistic condition with both parameter vari-
ations and external disturbances. For nominal conditions, it is
assumed that the vehicle is running on a flat road and the PV is
running at a constant speed. Neglecting the unmodelled dynamics
and parameter errors in Eq. (6), the nominal plant model becomes

D _d ¼ Dv
D _v ¼ uðvÞ þ u

(
ð12Þ

It is easy to know that [Dd, Dv] = 0 is the exclusive equilibrium
point. In Section 4.1, we prove two theorems. Theorem 1 points out
that the sliding plane (6) globally exists and any state starting from
Eq. (9) converges to zeros at least asymptotically. Theorem 2 points
out that from any initial position, the state will reach the sliding
plane (6) asymptotically. Theorems 1 and 2 together show that
Dd and Dv converge to zeros for nominal conditions. Section 4.2
then proves that, with the aforementioned controller, bounded
external disturbances lead to bounded tracking errors in steady
state. We start the analysis with a simple condition, i.e., ap = 0
and h – 0, resulting in Theorem 3; Then we extend the results to
more general uncertain condition, i.e., ap – 0 and h – 0.

4.1. Stability analysis for nominal plant model

Theorem 1. For the nominal model Eq. (12), any state x = [Dd, Dv]
starting from Eq. (9), i.e. x 2 ½Dd;Dv �js ¼ 0f g, converge to zeros in a
finite time T.
Proof. When x 2 ½Dd;Dv �js ¼ 0f g, we have

_Ddp=q þ bDdþ b
a

Ddg=h ¼ 0 ð13Þ

Define the Lyapunov function for the sliding mode

VðtÞ ¼ 0:5 � Dd2 ð14Þ

Its derivative V(t)/dt becomes

_VðtÞ ¼ � bDd
pþq

q þ b
a

Dd
p
qþ

g
h

� �q=p

ð15Þ

Thus _VðtÞ < 0 for any [Dd, Dv] – 0 considering p, q, g, h 2 N+ are
odds, satisfying 1 < p/q < 2 and 1 < p/q < g/h. Therefore, the state is
stable in the sliding mode, and the state at least asymptotically con-
verges to zeros. h
Theorem 2. For the nominal model Eq. (12) with the controller Eq.
(8), the state from any initial point asymptotically reaches the sliding
plane, i.e. the sliding mode globally exists.
Proof. Define the Lyapunov function for the reaching mode

VðsÞ ¼ 0:5 � s2 ð16Þ

Then,

_VðsÞ ¼ s � _s ¼ �/s2Dvp=q�1 ð17Þ

Divide the Dd� Dv phase plane into two regions

D ¼ fxjDd – 0; Dv – 0g
D ¼ fxjDd – 0; Dv ¼ 0g

ð18Þ
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For any x 2 D, _VðsÞ < 0. Hence, the sliding mode s asymptotically
converges in D. Note that �D is special case. To prove that s still con-
verges in, �D we substitute Eq. (8) into Eq. (12). Then, we can com-
pute the gradient equation of state as

D _d
D _v ¼

� bq
p /sþ Dv2�p=q 1þ g

ah Ddg=h�1
� �h i

Dv ð19Þ

Note that p/q < 2, and p, q, g, h are all odds. For Dd > 0 and Dm = 0, we
have

D _d
D _v ¼ �1

D _v ¼ � bq/
p

Ddþ 1
a

Ddg=h
� �

< 0
ð20Þ

It is observed from Eq. (20) that the state cannot stay in �D because
D _v < 0, and eventually it will enter D, in which the sliding mode s
has been proved to asymptotically converge. Thus, the state from
any initial position should reach the sliding plane
asymptotically. h
4.2. Robust analysis for uncertain plant model

In reality, the model uncertainties, such as parametric errors,
sensor noises, and external disturbances inevitably exist in an auto-
mated car-following system. In such cases, Dd and Dv will not con-
verge to zero, but only to a neighborhood of equilibrium. For ground
vehicles, the two dominating uncertainties are the road slope h and
the PV acceleration ap. The road slope affects FV accelerating/decel-
erating abilities, leading to unpredictable tracking capabilities. The
same arguments hold when the PV accelerates or decelerates.

Theorem 3. Consider the uncertain model Eq. (6) with the controller
(5), and assume that the PV runs at a constant speed, i.e., ap = 0 and
the road slope is bounded by hj j < j with K 2 Rþ. Then the sliding
mode s converges to a set P defined by

P ¼ _sj sj j < pgmj
/bq

� 	
ð21Þ

and the convergence speed is no less than the dynamics defined by

_s � sgnðsÞ ¼ � / sj j � pgmj
bq

� �
Dvp=q�1 ð22Þ
Proof. Substituting Eq. (8) into Eq. (6), the dynamics of the sliding
mode becomes

D _d ¼ Dv � shap

D _v ¼ � bq
p

/sþ Dv2�p=q 1þ g
ah

Ddg=h�1
� �h i ð23Þ

Differentiating Eq. (9), we have

_s ¼ 1þ g
ah

Ddg=h�1
� �

D _dþ p
bq

Dvp=q�1D _v ð24Þ

Substituting Eq. (23) into Eq. (24) and considering that ap = 0, we
have

_s ¼ � /sþ pg
bq
� gm

d
� h

� �
Dvp=q�1 ð25Þ

For any types of vehicles, d satisfies (see Eq. (2))

d > 1 ð26Þ

Considering hj j < j and the sign of S, we have

_s � sgnðsÞ < � / sj j � pgmj
bq

� �
Dvp=q�1 ð27Þ
According to Eq. (27), it is found that the sliding mode s converges
when outside of set P, and the convergence speed is no less than Eq.
(22). The convergence of sliding mode s is uncertain when inside of
set P. But at least we know that the sliding mode stays inside set P
once it reaches P. h

For a general condition, where both ap – 0 and h – 0 hold, an
equivalent theorem is not easy to establish. For the sake of simplic-
ity, we assume that both ap and h are constant during driving. The
derivative of state pair (Dd, Dv) must converge to zero in the
steady state condition.

D _d ¼ 0
D _v ¼ 0

ð28Þ

Substituting Eq. (28) into Eq. (23), we have

Dv ¼ shap; ð29Þ

ap þ
gm

d
h ¼ bq

p
/sþ Dv2�p=q 1þ g

ah
Ddg=h�1

� �h i
ð30Þ

The Eq. (29) describes the relationship between Dv and ap in
steady state situation. Substituting Eqs. (29) and (9) into Eq. (30),
we have

ap þ
gm

d
h ¼ bq

p
/ Ddþ 1

a
Ddg=h þ 1

b
ðshapÞp=q

� �

þ bq
p

shap

 �2�p=q 1þ g

ah
Ddg=h�1

� �
ð31Þ

The Eq. (31) depicts the relationship between Dd and ap, h in
steady state condition. This means that the closeness of Dd to zeros
is dominated by ap and h (as well as selected parameters in control-
ler design). Fig. 8 numerically illustrates this relationship. Fig. 8(a)
is obtained with controller parameters shown in Table 2 in Section
6.1, and Fig. 8(b)–(d) have some parametric variations on b, /, and
sh, respectively. We observe that the steady state of Dd depends on
ap and h, as well as designed controller parameters. A desirable
convergence can be obtained by properly selecting control
parameters.

For any PV, due to the limited engine power, ap is bounded. The
road slope h is also bounded for real road conditions. Thus both Dd
and Dv converge to a neighborhood of equilibrium constrained by
Eqs. (31) and (29), respectively. In reality, vehicle speed fluctuates
on waved roads, and both ap and h are not constant. The same con-
clusions on tracking errors almost hold here because of relatively
slow variations on ap and h in normal traffic flows.

5. Simulation results and field tests

In this section, we demonstrate the effectiveness of above-
design controller via simulations and field tests. The testing plat-
form is chosen as the same at that of the passenger car introduced
in Section 3.1. The passenger car has a powertrain including inter-
nal combustion engine, torque converter, automatic transmission,
final gear, half axes, and four wheels. The key parameters of vehicle
longitudinal dynamics are listed in Table 1. The MMW (Mili-Meter
Wave) radar is used to detect targets, e.g., PVs or obstacles. No IMU
is installed, which satisfies the requirement of the minimum sen-
sor framework.

5.1. Simulation with CarSim and Simulink

CarSim is commonly used for the simulation of vehicle longitudi-
nal dynamics. It can provide accurate and realistic predictions of
vehicle inner states. CarSim is an integrated software package that
can run co-simulations with other software, e.g., Matlab/Simulink.
Combining CarSim and Simulink, we developed a hybrid simulation
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Fig. 8. Distance error in steady state condition under constant disturbances. (In each sub-figure, each line represents a road slope angle, ranging from �10� to 10� with
interval 2�.)

Table 2
Controller parameters.

a = 0.1 b = 0.1 p = 15 q = 13
g = 17 h = 11 / = 0.1 g = 2
kv = 0.5 kd = 0.2

Fig. 9. Hybrid simulation model framework.
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model, shown in Fig. 9. The vehicle longitudinal dynamics is simu-
lated by CarSim and other components, e.g., controllers and driving
scenarios, are implemented in Simulink.

The involved automated car-following controllers in simula-
tions include a linear car-following controller (shorted as LCF), a
conventional TSM controller (shorted as c-TSM), and the newly
proposed TSM controller (shortened to n-TSM). The n-TSM control-
ler is designed based on the control law given in (8), in which both
singularity and chattering issues are avoided, and desirable robust
performance is also ensured. The other two controllers are
designed for the purpose of comparison. The linear car-following
(LCF) controller is designed based on linear microscopic traffic flow
models [27]. The reason to select a linear car-following controller is
that this model has good mimic of the car-following behavior of
human drivers, and is often taken as a simplified replacement for
human drivers in many studies, e.g. mixed traffic flow, co-pilot
driving, etc. The feedback law of LCF is given by

u ¼ kvDv þ kdDd ð32Þ

The c-TSM is designed based on conventional terminal sliding
mode control theory, as shown in [22,23]. In conventional TSM, a
nonsingular sliding function is employed, and a reaching law with
switching term is included. The feedback law of c-TSM is given by

u ¼ uðvÞ þ bq
p

Dv1�p=qð/sþ gsgnðsÞ þ DvÞ ð33Þ
Both Eqs. (32) and (33) use the interim symbol u, which has
identical definition as in Eq. (8). The parameters used by three con-
trollers are shown in Table 2. The c-TSM controller (2) and n-TSM
controller (8) share almost the same set of parameters, and the LCF
controller (1) uses a set of parameters close to typical human driv-
ers [27]. Three traffic scenarios are considered in the simulation:
one on a flat road (h = 0�) and the other two on a road with slope
(h = 2� and h = 4�). In all three scenarios, PV runs at the same speed
profiles. The PV first runs at the constant speed of 10 m/s and then
starts to accelerate at a given acceleration profile, as shown in
Fig. 10. Fig. 11 shows the simulations results when h = 0�, with
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(a) longitudinal acceleration, (b) relative speed, (c) distance error,
(d) throttle angle, (e) engine speed, and (f) gear range. Figs. 12
and 13 show the simulation results when h = 2� and h = 4�,
respectively.
In Fig. 11, two successive vehicles run on the flat road (h = 0�).
As illustrated in Fig. 11, all three controllers are stable and both
Dd and Dv converge. The LCF controller generates a continuous
profile of throttle angle, subsequently leading to smoothly
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changing acceleration, speed, and distance. Some overshooting
problem exists in its relative speed profile and it also has larger dis-
tance errors than others. The c-TSM controller has a similar perfor-
mance as the n-TSM controller. However, as shown in Fig. 11(d),
the c-TSM controller has inevitable chartering issue, which is
caused by the switching term in its control law. We observe that
the n-TSM controller overcomes this chattering issue. The tracking
performance of c-TSM and n-TSM are similar at the flat road
(h = 0�). When vehicles run on the slope road, n-TSM begins to
exhibit better performance than both c-TSM and LCF. As shown
in Figs. 12 and 13, all three controllers are still stable, but have lar-
ger tracking errors than those on the flat road (one main reason is
that there is no lower level controller for acceleration tracking due
(a) relative speed
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to missing acceleration information). The LCF controller has the
largest tracking errors in terms of both Dd and Dv. The c-TSM also
leads to a larger distance error, but is better than LCF’s. This is con-
sistent with the fact that the sliding mode control method is more
robust than the linear one. Among them, the n-TSM controller per-
forms the best in robust performance, particularly on effectively
depressing the amplitude of tracking errors caused by road slope.

Fig. 14 summarizes the robust performance of the three control-
lers. Fig. 14(a) shows the absolute mean of relative speed is almost
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Fig. 15. Configuration of test platform.

Fig. 17. State space model structure to design Kalman filter.
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Fig. 18. Test results in cut-in scenario.
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the absolute mean of distance error, LCF almost linearly increases
with road slope; the c-TSM first slowly drops and then quickly
increases with road slope. The n-TSM controller performs the best
which significantly depresses the increase of distance error with
road slope.

5.2. Field test results

The n-TSM controller is further validated through the field tests
with a passenger car. The configuration of the test platform is
shown in Fig. 15. The test vehicle is a passenger car, with 2.0L gas-
oline engine, 5-speed automated transmission, and hydraulic brak-
ing system. Fig. 15 shows the photos of the test car and
experimental scenarios. The passenger car for the test is equipped
with a dSPACE prototyping controller, an MMW radar, an electric
throttle, an electro-hydraulic brake (EBH) actuator, as well as
power suppliers. The dSPACE controller is used to implement the
n-TSM control algorithm and other necessary algorithms such a
radar signal processing algorithm, a human–machine interface,
etc. The engine is regulated by an electronic throttle control while
the braking system is controlled by Electro-Hydraulic Brake (EHB).
The inter-vehicle information is detected by the MMW radar. Sen-
sors, controllers, and actuators share information using a CAN bus,
which also connects to the data center of the passenger car. The
collected information from CAN bus comes from engine ECU, trans-
mission ECU, ABS ECU. The MMW radar is also connected to the
CAN bus, and such information as inter-vehicle distance and rela-
tive speed to the target is sent periodically to CAN. The CAN bus
uses the following protocols which include: (1) SAE1939 standard
with baud rate as 500bits/s; (2) The senders have different sam-
pling frequency, ranging from 1 m/s to 100 m/s, depending on
the importance of information; (3) The data frame follows the
Fig. 16. Photos of test car and
Motorola format, with length as 11 bits. For the sake of real-time
implementation, all data frames related to control commands are
to the highest priority and fixed period 100 m/s (see Fig. 16).

In addition, the radar output is not directly used in the dSPACE
controller. The MMW radar is used to measure the inter-vehicle
distance and relative speed between two vehicles. The relative
speed and distance error is filtered via a Kalman filter, which is
based on a state space model with four states, which include
inter-vehicle distance (d), relative speed (Dm), relative acceleration
(Da) and relative jerk (w). The state space model structure is
shown in Fig. 17. The relative jerk (w) is assumed to be band-lim-
ited white noise. Fig. 17 shows the structure of state space model
for Kalman filter design.

In Fig. 18, a cut-in scenario is considered in the field test. The FV
first runs at a speed of around 5 m/s. At 5 s, the PV cuts in from
adjacent lane with higher speed 8.06 m/s and the initial distance
ahead of FV around 14 m. In Fig. 19, an accelerating scenario is con-
sidered in the field test. The PV first runs at the approximate speed
of 5 m/s, and starts to accelerate at approximately 0.5 m/s2 until
experimental scenarios.
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the speed reaches 7.8 m/s. In both scenarios, the FV is controlled by
the n-TSM method. It is found that the n-TSM controller success-
fully fulfills an automated car-following function without reliance
on any information of longitudinal acceleration.

6. Conclusions

The concept of minimum sensor helps reduce the number of
sensors in vehicle automation. This framework is a promising
approach to decrease hardware costs of autonomous vehicles with-
out significantly losing control performance and system reliability.
This paper presents a nonsingular and fast terminal sliding mode
controller for automated car-following system under the minimum
sensor framework. A nonsingular fast terminal function is pro-
posed to improve the convergence speed of sliding mode, and a
novel terminal attractor is adopted as the reaching law. Such a con-
troller has high robustness to model uncertainties and external dis-
turbances, without issues of singularity and chattering that
accompany with many other conventional sliding mode control-
lers. This high robustness helps to reduce the tracking errors in
automated car-following systems even without reliance on the
information of longitudinal acceleration. Under the minimum sen-
sor framework, the stability under nominal condition is also
proved and analyzed. It is also proved that the newly designed con-
troller is able to generate bounded stability under some mild
assumptions on leading vehicle acceleration and road slope. We
demonstrate the effectiveness of the designed controller and its
robustness to external disturbances via computer simulations
and field tests.
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