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Vehicle adaptive cruise control design with optimal
switching between throttle and brake
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Abstract: For vehicle adaptive cruise control (ACC) systems, the switching performance between throttle and brake
determines the driving comfort, fuel consumption and service lives of vehicle mechanical components. In this paper, an
ACC algorithm with the optimal switching control between throttle and brake is designed in model predictive control
(MPC) framework. By introducing the binary integer variables, the dynamics of throttle and brake are integrated in one
model expression for the controller design. Then the ACC algorithm is designed to satisfy not only safe car following. but
also the optimal switching between throttle and brake. which leads to an online mixed integer quadratic programming solved
by the nested two-loop method. The simulation results show that the proposed ACC algorithm meets the requirements of
safe car following. outperforms the traditional algorithms by performing smoother responses, reducing the switching times
between throttle and brake, and therefore improves driving comfort and fuel efficiency significantly.
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1 Introduction

Advanced driver assistant (ADA) systems are intro-
duced to relieve human drivers from routine tasks, increase
drivers’ safety and comfort, reduce fuel consumption, and
improve freeway capacity. Examples of ADA systems arc
adaptive cruise control (ACC) systems, Lane-Keeping sys-
tems, collision avoidance (CA) systems, and ete. [1-3].

An ACC vehicle adjusts its speed at a predefined value
when there is no preceding vehicle. When a preceding ve-
hicle is detected in the same lane, it automatically follows
the preceding vehicle with a desired spacing. The control
architecture for an ACC system is usually designed to be
hierarchical and consists of two controllers [3]: the upper
evel controller determines the desired acceleration to sat-
isfy the requirements based on measured signals; and the
lower level controller activates the corresponding actuator
(throttle or brake) accoraing to the desired acceleration from
the upper level controller. In the lower level controller, the
swilching strategy between throttle and brake is tradition-
ally based on the simple threshold criteria [4-6]: if the de-
sired acceleration from the upper level controller is larger
than a critical value, the throttle is activated, or the brake is
activated. While in [7], the switching rule is determined ac-
cording to the current traffic situation, which will cause that
the switching is sensitive to the surrounding traffic condi-
tion. Moreover, researchers have proposed a switching cri-
terion by calculating the throttle and brake laws simulta-
neously and judging the corresponding sign of two control
laws [8]. Above all, it can be seen that the swilching con-
trol between throttle and brake is not fully considered in
the procedure of ACC algorithm design, which may cause
frequent switching, and thus lead to uncomfortable driving,
increased fuel consumption and mechanical abrasion of ve-
hicle components.
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In this paper, an ACC algorithm with the optimal switch-
ing between throttle and brake is designed in model pre-
dictive control (MPC) framework. Song’s longitudinal ve-
hicle model [9] is considered for the design. First, the dy-
namics of throttle and brake, which cannot be activated si-
multancously, are integrated in one state-equation model
by introducing binary integer variables, Then the goal of
minimizing the switching between throttle and brake, to-
gether with the safe car-following requirements and vehi-
cle capabilities are modeled as the control obj and
constraints of ACC, respectively. The controller design is
transformed to be an online mixed integer quadratic pro-
gramming (MIQP), which is solved by the developed nested
two-loop method. By simulating five representative traffic
scenarios, it is proved that the proposed ACC algorithm
provides safe vehicle following, and meanwhile reduces
switching between throttle and brake, therefore improves
driving comfort and fuel efficiency compared to the tradi-
tional algorithm.

The reminder of this paper is organized as follows: Sec-
tion 2 is the modeling of ACC system, in which the bi-
nary integer variables are introduced to integrate the throttle
and brake dynamics. Section 3 represents the controller de-
sign of ACC, in which the switching between throttle and
brake is fully considered and optimized. In Section 4, the
proposed optimal switching algorithm and the traditional
threshold switching algorithm are simulated and analyzed
in various traffic situations. The conclusion is represented
in the Section 5.

2 ACC system modeling
For ACC vehicle, Song’ longitudinal vehicle model [9] is
considered, which assumes that the inertia of the engine and
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the wheels are negligible, and the torque converter is locked
up.
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where m denotes the vehicle mass, 1 refers to the vehicle
velocity, R, represents the effective gear ratio, 7, refers to
the engine torque, / is the effective wheel radius, i A—
denotes the maximum braking torque, 3 refers to the brake
pedal position [%], ko is the rolling resistance coefficient,
g represents the acceleration of gravity, k., denoles the
aerodynamic drag coefficient, A refers to the front area of
vehicle, p represents the air density, and @ is the road grade.

For the throttle characteristics, the desired throttle angle
can be calculated as follows [8]:

mo =

7'.”':!0 (u'e 1 Hhrl )
MAX - PRI(Pu/Ps)

where « refers to the throttle angle, 7C refers to the empiri-
cal throtile characteristics, 11,0 represents the mass air flow
rate into the combustion chamber, w, refers (o the engine
speed, F,q 1s a nonlinear relationship between o and w,
that can be found from the table lookup map, MAX refers
to a constant dependent on the size of the throttle body, PRI
is the pressure influence function, P, represents the pres-
sure in intake manifold, and P, refers to the atmosphere
pressure.

Generally, the throttle angle is regarded as the throttle in-
put for the vehicle, but since the engine model equation (2)
depends on many factors and is often expressed in the form
of empirical map, the corresponding characteristics are not
considered in this paper, and the engine torque 7, is consid-
ered as the controller input instead in this design. Therefore,
the control input for an ACC vehicle is given by the engine
torque T, for throttle, and the brake pedal position 3 for
brake in this paper. -

In fact, equation (1) is composed of two models (throt-
tle and brake), since the throttle and brake actuators cannot
be activated simultaneously. Two binary integer variables,
¢1 and (9, are introduced, which refer to the states of the
throttle and brake actuators, respectively. Then the vehicle
model can be rewritten.
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where the binary integer ‘0" refers to the disabled state, and
‘1" refers to the enabled state. The constraint G+G<s1
represents that the throttle and brake cannot be enabled at
the same time.

For ACC system, the state vector 2 is defined (o consist
of the inter-distance d, relative velocity v, and velocity of
ACC vehicle v: z 2 [d v, v]T, where the relative velocity
refers to the difference between the velocity of the preced-
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ing vehicle vy, and that of ACC vehicle v.
A
Uy = vp — U,

In this paper, the acceleration of the preceding vehicle iy
is modeled as the disturbance w, and the road grade is con-
sidered as zero for a nominal case, then the discrete state-
space equations for the ACC system can be derived.

x(k+1) = (k) + B¢ (Kuy (k)
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where T, represents the sampling period of discrete ACC
system, u; (k) and uz (k) refers to the two control inputs of
throttle and brake actuators, respectively, and the parame-
ters ¢4, €2, c3, ¢4 are defined as follows:
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3 Controller design

In this section, the optimal switching between throttle and
brake is considered in the procedure of ACC design. The ob-
Jectives of minimizing the switching between throttle and
brake, together with the requirements of safe car following
and vehicle capabilities are modeled as the control objec-
tives and constraints in MPC framework, and then the con-
troller design is transformed to be an online constrained op-
timal control problem.

In vehicle following control, the ACC vehicle regulates
the vehicle speed toward the speed of the preceding vehicle,
and keeps the inter-distance to the desired value.

a(k) —0

5
(k) — 0 0

as kb — oc,

Objectives : {
with 6(k) 2 d(k) — daes(k), daes(k) = do + thv(k),
where 6 refers to the spacing error between the actual inter-
distance and the desired value, dg,, refers to the desired fol-
lowing distance and constant time headway policy [10] is
utilized here, d;, represents the fix distance, and t; represents
the desired time headway.

During the car following process, the inter-distance be-
tween the ACC vehicle and its preceding one should be
larger than a minimum value d,y;,, to avoid collisions,

Constraints : d(k) = dupin. (8)
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Moreover, the absolute value of acceleration is minimized
[11] to provide comfortable driving to passengers.

Objectives : min|a(k)|. (9)

Considering the vehicle capabilities, the velocity, accel-

eration, control commands of the throttle and brake should
be constidined:

Constraints : vmin € v(A) € Vmax: (10)
Constraints : @min < a(k) < Gnax, (11)
Constraints : g min < %1(h) < U1 max, (12)
Constraints : tg min < t2(k) < U2 max- (13)

After satisfying the above requirements and vehicle abil-
ities of ACC, we minimize the switching times between
throttle and brake in the control process, in order to avoid
frequent switching, improve driving comfort and fuel econ-
omy. This requires that the state value of the throttle or brake
should remain as constant as possible, which yields:

min |( (B + 1) — (1 (k).

14
min |G (k + 1) — ¢a(k)). £

Objectives : {

Therefore, the control objectives of ACC have been mod-
eled respectively, and then we define the performance vector

y as follows: y(k) £ [5(k) ve(k) a(k)]*.
Tts relationship with the state vector x can be derived.
y(k) = gl (k) + D1G (K)us (k)

+DsCa(k)uz(k) + Z, (15)
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The basic of the MPC principle is that the control law
is obtained by solving a constrained finite-horizon optimal
control problem over a predictive horizon. It has advantages
in handling constraints, multiple control objectives, model
mismatch and etc. [12].

[t can be seen that the prediction model, equations (5)—(6)
and (15) are nonlinear. For convenience, we lincarize the
nonlinear components around the current operating point
with its tangent at each sampling instant [13]. This gives
the following linear prediction model:

x(h+1) = Ap(x(k))x(k) + Bi1G(k)u (k)

+Bola(K)ua(k)+Guw(k)+H . (z(k)), (16)
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where @3, represents the value of the state variable 3 at
the sampling instant k.

In the MPC framework, the performance criterion of
ACC is obtained by synthesizing the control objectives into
the following quadratic form:

—dy
) Zr — 0 s
o
—c3 4 calj,

C, =

Ny,
o= ;[(ﬁp(k +14) — Yrep(k +8))T QG (k + 1)
_ymf(ﬁ‘: -+ ;})] | Nfl ul{k + i}Tﬂlul(k + 1':)
=0
8 e Rgia (e )
i=0

Nin—

2
+ 20 Gl+)TSi1G(k+9)

i=(]
N —2 -

+ Y Gk +i)TSol(k +1),
i=0

where NV, and NV, refer to the predictive horizon and con-
trol horizon respectively, ¢, refers to the predictive perfor-
mance vector, Y.t represents the reference trajectory for the
performance vector, @ refers to the weighting matrix for the
performance vector, R, R2, S and S» are the weighting
coefficients regarding the control command and the switch-
ing respectively.

The constraints of ACC represented by equations (6), (8).
(10)—(13) are integrated in the following form:
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where Inf represents a real positive infinite value, indicating
that the inter-distance has no upper bound.

Then the control command 1w, (k) and us(k) are solved
by minimizing the equation (18) restricted by equation
(19). It can be transformed to be an online mixed integer -
quadratic programming (MIQP), which includes both the
continuous variables uq (&), uy (A +1),...,u1(k+ Ny —1),
uz(k), uz(k +1),...,u2(k + Ny-1) and the binary inte-
ger variables Cl Uf), C]_ (k = 1), s e gl Ux‘ + 4'\"7111 = 1), Qg(k‘).
Gl ) oy Galkt- N —1):

In order to solve MIQP, a two-loop nested method [14]
is developed. In the outer loop, we use particle swarm op-
timization (PSO) method [15-16] for the integer optimiza-
tion. Given the integer variables by the outer loop, it is re-
ferred to as a quadratic program (QP) in the inner loop,
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which can be solved by the mathematical programming
solver [17]. Then the inner solution is returned to the outer
loop to generate a new solution for the next iteration. This
procedure continues until the termination criterion is satis-
fied. The nested solving method decomposes the MIQP into
an integer optimization and a QP problem, thus simplifies
the original problem, in regard to both the complexity and
dimension.

By solving the online MIQP at each sampling instant, the
control sequences regarding the throttle and brake are ob-
fained, the corresponding actuator is activated and only the
first command is applied to the ACC system.

4 Simulation and discussion

The objective of this section is to evaluate the perfor-
mance of the proposed ACC algorithm. Five representative
traffic scenarios are simulated, which includes following the
preceding vehicle with varying speed, approaching, cut in,
cut out and hard stop, as Fig. 1 represents. For each traf-
fic scenario, the proposed optimal switching ACC algorithm
(ACC—optimal) and the traditional algorithm with threshold
switching criterion (ACC—former) are simulated, and the
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corresponding responses are analyzed and compared. The
switching times between throttle and brake are used to eval-
uate the switching performance, as Table 1 represents. The
mean values of absolute acceleration and jerk are collected
and regarded as the comfort metrics [11]. The comprehen-
sive modal emissions model (CMEM) [18] developed at the
University of California (UC), Riverside, is used to calcu-
late the fuel consumption. The comparison results of two
algorithms are represented in Table 2.

I 1 ! |
I | i !
| I I I
B 17 (e | B
=4 1 [V L] et ¥
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vl v/ oy I ] N RY
1 i I / I I
| I I I
| E | I a I a
i 1 ! I
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(a) Following (b) Approaching (c¢) Cutin  (d) Cutout (e} Hard stop

Fig. 1 Five representative traffic scenarios in ACC.

Table 1 Switching times between throttle and brake of two algorithms.

Switching times ~ Scenario 1 ~ Scenario 2 Scenario 3  Scenario4  Scenario 5
ACC—former 4 2 2 2 1
ACC-optimal 2 0 0 0 1

Table 2 Improvements regarding comfort metrics and fuel consumption by
comparing ACC—optimal to ACC—former.

9%

Improvements Scenario 1  Scenario 2 Scenario 3 Scenario4  Scenario 5
Mean acceleration 6.27 23.86 15.25 26.59 10.59
Mean jerk 22.18 21.83 2541 23.48 19.95
Fuel consumption 8.02 5.76 242 11.47 8.15

An encounter traffic condition is considered feasible if
the ACC vehicle can change from its current velocity to
that of the preceding vehicle, and meanwhile avoid a col-
lision. In case an infeasible state is encountered, ACC ve-
hicle is unable to prevent a collision, and then drivers must
intervene and perform the effective maneuver. As we are
concerned with the performance of the proposed ACC algo-
rithm, the initial states are guaranteed feasible [19].

The parameters for ACC system are as follows [9]:

Ry =377, h=0.318m, m = 1620 kg,

Th mmax = 4093 Nm, ki = 0.285, p = 1.23N/m?,
kron = 0.015, A=22m? g=98 .\T/mz,
T.=02s, t, =18, 7=05s, dy=Tm,

dmin =5m, vy, =0 111,"5; Visiaie=-4{) III/R,

Up,min = ONmM, 11 mayx = 0.36k - Nm, w2 min = 0,
2 5 2

U max = 1, @min = —5.5m/8", @umax = 2.5m/s".

Scenario 1 following the preceding vehicle with vary-
ing speed.

In this scenario, the ACC-equipped vehicle is following
the preceding vehicle with varying speed. Fig. 2 represents
the responses of ACC-optimal and ACC—former. Tt can be
seen that both the two algorithms regulate the speed and
inter-distance to adapt the variation of preceding vehicle.
Safety is guaranteed (collision is avoided), and car follow-
ing behavior is satisfied in two algorithms. According to
Fig. 2 (d), ACC—former activates throttle actuator at first,
and performs a large engine input to following the preced-
ing vehicle. Then ACC—former switches to the brake ac-
tuator to adapt the decreasing behavior of preceding vehi-
cle. At = Gs, the preceding vehicle begins to accelerate,
which causes that the actuator is switched to the throttle ac-
tuator again. Due to the rapid decreasing of inter-distance
(Fig. 2 (a)), ACC—former swilches to the brake actuator at
t = 12.25s to prevent collision. With the frequent speed
change of preceding vehicle, it has been switched between
throttle and brake actuators four times in this scenario (Ta-
ble 1). While the proposed optimal ACC algorithm opti-
mizes the switching properties, behaves smoother in veloc-
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ity and acceleration responses (Figs. 2 (b)-2 (¢)), and this
is beneficial to service lives of vehicle mechanical compo-
nents. Compared to ACC—former, the swilching times in
ACC-optimal between throttle and brake is decreased to
be 2. Moreover, driving comfort and fuel-cconomy are im-
proved in ACC-optimal, since the mean values of absolute
acceleration and jerk (comfort metrics) are decreased by
6.27% and 22.18% respectively, and the fuel consumption
is reduced by 8.02% (Table 2).

Scenario 2 Approaching.

In this scenario. the ACC—equipped vehicle approaches a
preceding vehicle from a large inter-distance. The responses
of ACC-optimal and ACC—former are represented in Fig.
3. According to Fig. 3, ACC—former implements a large
engine input initially, and maintains it for seconds to ap-
proach the preceding vehicle quickly. The corresponding
velocity achieves to nearly 22 m/s. Due to the larger ve-
locity. the inter-distance is decreased in a short time, and
collisions may occur if it continues accelerating. So ACC-
former switches to the brake actuator swiftly, and takes a
sudden brake. At t = 5 s, the preceding vehicle begins to
accelerate, ACC—former has to switch to the throttle ac-
tuator again to adapt this speed variation. It can be seen
that the switching between throttle and brake is not con-
sidered and optimized in ACC—former, so ACC—former ac-
celerates intensely at first and brakes suddenly afterwards,
which causes frequent switching (Table 1). However, ACC—
optimal behaves smoother and avoids the switching between
throttle and brake. In the beginning of the approaching pro-
cess, ACC-optimal performs smooth acceleration, and de-
creases the throttle inpul (releases the throttle pedal) gradu-
ally. The velocity achieves to about 19 m/s. Therefore, it is
not necessary to switch to the brake actuator when the inter-
distance is regulated to the small value. Without switching
between throttle and brake, ACC-optimal improves driv-
ing comfort significantly, because the comfort metrics, the
mean absolute values of acceleration and jerk are reduced
by 23.86% and 21.83% than the formal algorithm (Table 2).
Moreover, the fuel consumption is saved by 5.76% in ACC—
optimal, which indicates that fuel efficiency is increased.

Scenario 3 Cutin.

In this scenario, the ACC—equipped vehicle is running in
the steady state with a constant speed initially, and a vehicle
from another lane performs cutin at =75 s. Fig. 4 represents
the responses of ACC—former and ACC-optimal. It can be
seen that both the two algorithms perform similar velocity
profiles in this situation, since no matter what kind of ACC
algorithm is adopted, the control objectives are to avoid col-
lisions when cut in occurs, and meanwhile regulate velocity
and spacing to adapt the variation of the preceding vehi-
cle, However, there is a main difference in the control pro-
file between two algorithms. Al the initial moment of cut
in, the inter-distance is decreased instantaneously, ACC—
former activates the brake actuator. When the accelerating
behavior of the preceding vehicle is realized, ACC—fomer
swilches to the throttle actuator promptly. While ACC-
optimal balances the successive actions of braking and ac-

celerating effectively, and oplimizes the switching behav-
ior. Only the throttle actuator is activated in the whole driv-
ing process, and the switching is avoided. According to Ta-
ble 2, ACC-optimal provides smaller acceleration and jerk,
and decreases fuel consumption, which will increase hu-
man drivers’ satisfaction. Though the responses of two al-
gorithms are a little similar in this scenario, the proposed
ACC new algorithms will be more acceptable since it can
decrease the switching times, improve driving comfort and
fuel efficiency.

Scenario 4 Cul out.

In this scenario, the ACC—equipped vehicle follows the
preceding vehicle with a constant speed initially. Att = 5s,
the preceding vehicle performs a cut out suddenly, which
causes the ACC-equipped vehicle follows a new preceding
vehicle in the same lane. The corresponding responses arc
represented in Fig. 5. It can be seen that the initial steady
statc is interrupted and the inter-distance is increased in-
stantancously due to the cut out. In order to get close Lo
the new preceding vehicle as soon as possible, ACC—former
activates throttle actuator and performs a large engine in-
put. The corresponding velocity increases from 15 m/s to
21.66 m/s in three seconds. With the rapid decrcasing of
inter-distance, ACC—former switches to the brake actuator
soon afterwards, in order to avoid possible collisions. Ac-
cording to Table 1, it has been switched between throttle
and brake twice in this scenario. However, ACC~optimal
performs smooth acceleration in the whole process. The
switching performance is fully considered in ACC—optimal,
and the frequent switching between throttle and brake is pre-
vented. Compared to ACC—former, driving comfort is im-
proved in ACC—optimal, since the magnitudes of accelera-
tion and jerk (comfort metrics) is decreased by 26.59% and
23.48%, respectively. Moreover, ACC—optimal reduces the
fuel consumption by 11.47% than ACC—former (Table 2).

Scenario 5 Hard stop.

This traffic scenario depicts the situation where the pre-
ceding vehicle takes a hard stop, and the corresponding re-
sponses of two ACC algorithms are shown in Fig. 6. In this
scenario, both the two algorithms switch to the brake actu-
ator from the throttle actuator, and take a large brake input
to prevent collisions (Fig. 6 (d)). Tt can be seen that the su-
periority of ACC—optimal in switching performance is not
obvious (Table 1). This is because safety is regarded as the
top priority of ACC algorithms, and ACC—equipped vehi-
cle should take suitable brake actions when the preceding
vehicle performs hard stop, no matter what kind of ACC
algorithm is adopted. Therefore, the switching between dif-
ferent actuators could not be prevented in this scenario. De-
spite of this, the proposed optimal switching ACC algo-
rithms behaves better performance in driving comfort and
fuel-economy than ACC—former, as Table 2 represents.

Above all, the simulation results show that the proposed
ACC algorithm guarantees safe car following, outperforms
the traditional algorithms by avoiding the frequent switch-
ing between throttle and brake, and meanwhile increases
driving comfort and fuel efficiency significantly.
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Fig. 5 Responses of ACC—optimal and ACC—former in the scenario of cut out.
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Fig. 6 Responses of ACC—optimal and ACC—former in the scenario of hard stop.

5 Conclusion

In this paper, an ACC algorithm with the optimal switch-
ing between throttle and brake was proposed in MPC frame-
work. Since the throttle and brake cannot be activated simul-
tancously, the integer variables are introduced to integrate
their dynamics in one model. Then the control objectives
and requirements of ACC are modeled respectively, and the
controller design is transformed to be an online constrained
optimal control problem. By simulating the representative
traffic scenarios, it was proved that the proposed ACC al-
gorithm can effectively optimize the successive accelerat-
ing and braking behavior, and avoids frequent switching be-
tween throttle and brake actuators. Compared to the tradi-
tional ACC algorithms, the proposed one not only meets the
safe car following, but also behaves smoother performances,
decreases the switching times. improves driving comfort,
and enhances the fuel economy significantly. Therefore, the
proposed ACC algorithm will be more acceptable to human
drivers and lead to its increased usage in application.
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