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Abstract
The adaptive cruise control (ACC) system is currently one of the most common research topics in automotive industry. The
ACC system tracks the velocity of preceding vehicle by adjusting the throttle angle and applying brake, whenever needed.
This system is acknowledged for improving the fuel efficiency due to coordination between brake and throttle. Inappropriate
switching between brake and throttle results in loss of energy that increases fuel consumption. To address aforesaid problem,
novel coordinated switching controllers for the ACC system are proposed that enhances the fuel efficiency. Moreover, the
proposed control strategies are compared for various traffic scenarios, and then, fuel economy is observed for the proposed
control schemes. Fuel economy is investigated using switching control paradigm design; namely, the proportional–integral–
derivative (PID) controller, adaptive proportional–integral–derivative (APID) controller, and fuzzy PID controller for actual
nonlinear and linearized model of the ACC system for various traffic scenarios including stop and proposed control strategies
are compared using performance indices for various traffic scenarios, such as CC, ACC, and ACC stop and go in order to show
the validity of the design. Furthermore, the comparison among the PID, APID, and fuzzy PID control schemes is investigated
to analyze fuel economy of the actual nonlinear CC and ACC system.

Keywords Adaptive cruise control (ACC) · Adaptive proportional integral derivative (APID) · Fuel economy · Fuzzy PID ·
Proportional integral derivative (PID) · Stop and go (SG)

1 Introduction

Safety and energy are two basic concerns of the automo-
tive industry. The energy crisis is growing worst nowadays.
The anticipation of energy crisis avoids the future era of
expensive and limited energy. Maximum fuel consump-
tion, environmental deterioration, and transport congestion
are severe problems caused in urban areas with increasing
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transportation demands [1]. Large population, shortage of
public transport system, rapid growth in private vehicles, low
investment in infrastructure, and poor parking policies are
the foremost reasons of traffic jam in developing countries
[2]. The human errors and accidents are caused because of
driver’s frustration in traffic congestion. The adaptive cruise
control (ACC) system is an automatic driver assistance sys-
tem that improves driver’s comfort and road safety under
disturbances [3]. The ACC system has two modes of opera-
tion: (a) cruise control (CC) mode and (b) ACC mode. The
CCmode of operation is active when road is clear, and ACC-
equipped vehicle follows the driver’s set speed. TheCCmode
fails to detect the preceding vehicle. The ACCmode of oper-
ation is used to incorporate data of the preceding vehicle. The
ACC systemmade a very vital impact on society by changing
the way of life because of the following: (a) reduces driver
fatigue, (b) improves traffic efficiency, (c) increases conve-
nience and productivity, (d) minimizes fuel economy, (e) less
impact on environment, and (f) more safety.

In an ACC system, appropriate switching between brake
and throttle is vital. The frequent switching affects the perfor-
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mance of the cascaded control (as inner-loop control (ILC)
and outer-loop control (OLC) are two cascaded control loops,
and disturbance inOLC loophas critical impact on the perfor-
mance of the ILC), increases fuel consumption, and damages
vehicle components. Considering above, there is a pressing
need to design control schemes that incorporates coordinated
and optimal operation of throttle and brake.

Various control schemes were developed in the litera-
ture for an appropriate switching between brake and throttle.
Automotive industry uses various control schemes that varies
fromconventional PID [4] to themost sophisticatednonlinear
control schemes [5–7] such as sliding mode control [8–11],
fuzzy logic [12,13], and neural network [14,15] for improv-
ing reference speed tracking of the ACC-equipped vehicle.

In [16], the PI-based CC mode was used in passenger
car for achieving required speed. The PI control scheme
used trial-and-error method to handle alterations in plant and
thus fails to incorporate varying conditions. The authors in
[17] designed trial ACC model with hybrid PID to develop
the ACC stop and go (ACCSG) in passenger car for avoid-
ing accidents in urban areas. The trial ACC model included
control of inter-vehicle gap management system and mon-
itors movement of other vehicles. The change in reference
speed produced oscillations and required time to smooth out.
The gain scheduling proportional integral (GSPI) and gain
scheduling linear quadratic (GSLQ) were used for various
linear models of the throttle [18]. The aforesaid linear mod-
elswere extracted for various operating points. ThePI control
scheme was used for brake. The GSPI proved good perfor-
mance for the CC mode. In the ACCmode, GSPI and GSLQ
showed good performance for the proposed ACC system.
The control schemes failed in situation of stop and go.

In [19], the authors used the fuzzy logic-based ACC sys-
tem to assure safe car following by controlling brake pressure
and throttle angle. Although safety was observed, the fuzzy
logic fails as oscillations that affect driver’s comfort were
present. The fuzzy PID control scheme was used for switch-
ing paradigm in the ACC system for improving fluctuations,
thus providing comfortable driving [20]. The fuzzy PID con-
trol scheme lacks the incorporation of the fuel economy. The
engine operating in an idle speed minimizes fuel consump-
tion, during coasting phase fuel must be cut off from the
engine [21,22].

The aforementioned literature is extended for designing
PID, APID, and fuzzy PID control schemes for various
traffic scenarios that includes CC, ACC, and ACCSG. The
performance indices (PIs) of all proposed control schemes
are considered for attaining an optimal control strategy. The
switching paradigms designed in this paper are further used
for achieving the fuel efficiency.

The main contributions of our paper for switching control
paradigms for ACC with stop-and-go scenario in light of
above-stated issues are:

• Nonlinear and linear models of the ACC are presented
for the analysis of an appropriate switching controller
that effects the fuel consumption;

• The PID, APID, and fuzzy PID control schemes are
designed for various traffic scenarios, and proposed
control schemes are compared for achieving the best
switching control paradigm;

• PIs are calculated for the evaluation of the system’s per-
formance bymeans of various proposed control schemes;
and

• The fuel consumption for the CC, ACC, and ACCSG
using PID, APID, and fuzzy PID control schemes is com-
pared for achieving best optimal control strategy that
incorporates fuel efficiency.

The paper is structured as follows: Sect. 2 presents detailed
nonlinear modeling of the ACC system. The linear model-
ing of the ACC system is provided in Sect. 3. The proposed
APID and fuzzy PID control design for the ACC system is
elaborated in Sect. 4. The comparison of PID, APID, and
fuzzy PID control schemes for observing tracking of refer-
ence speed is presented in Sect. 5. The results achieved for
fuel economy of proposed control schemes are illustrated
in Sect. 6. The paper concludes with a brief summary and
proposed future work.

2 ACC SystemModeling

The ACC system is an extension of the CC system that relies
on the automatic adjustment between the brake and throttle
[23]. The ACC system uses two control loops: (a) inner-
loop control (ILC) and (b) outer-loop control (OLC) [24].
The OLC collects information of the preceding vehicle, i.e.,
the distance between two vehicles d, the vehicle’s velocity
vh , and acceleration. The ILC receives information from the
OLC. The OLC ensues the information using vision system
with lidar system and radar system [25,27]. The constant time
headway (CTH) policy maintains specific distance between
the two vehicles, i.e., approximately 1.5–2s [28]. The block
diagram of the ACC system is presented in Fig. 1.

The vehicle model utilized for the development of the
ACC system design considers the longitudinal motion of the
vehicle.

According to the Newton’s second law of motion:

Fnet = ma. (1)

where Fnet is the sum of forces,m represents mass of vehicle
in kg and a is used for acceleration.

Fnet = Fwheel + FaeroD + FrollingF + Fg. (2)
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Fig. 1 Block diagram of the ACC model

In Eq. (2), Fwheel is the force applied on wheel, FaeroD
represents the aerodynamic drag force, FrollingF is used for
the rolling friction, and Fg is the gravitational force.

The velocity of the host vehicle is formulated as:

V̇h = 1
m

⎡
⎣ 1

r

[
RtrRfdCtr

(
Ne
Ktc

)2 + Tb

]
−

1
2ρACdv

2
h − Crmg cos θ + mg sin θ

⎤
⎦ , (3)

where Rtr is the gear Ratio, Rfddenotes the final drive ratio,
Ne represents the engine speed in rad/sec, Tb is used for the
braking torque, 1

2ρACdv
2
h is the coefficient of the aerody-

namic drag, Cr denotes the coefficient of rolling resistance,
m represents the total vehicle mass, g is known gravity accel-
eration, and θ is the road slope. The torque ratio is represented
as Cr and calculated from Fig. 2.

The torque of engine is calculated by using relation as:

Iei Ṅe = Te(ut, Ne) − Ti. (4)

The engine speed in [30] is rewritten as:

Ṅ e = 1

Iei

[
Tei(ut , Ne) − Tf − Tp −

(
Ne

Ktc

)2
]

(5)

In Eq. (5), Ktc is the capacity factor that is calculated from
graph in Fig. 3.

Ti =
(

Ne
Ktc

)2
is the impeller torque (acting load), Tf repre-

sents the engine friction loss, and Tp is the engine pumping
losses.

Fig. 2 Performance characteristic of a torque converter [29]

Fig. 3 Capacity factor of an internal combustion engine [29]

The engine impeller torque is a function of throttle signal
and engine speed Tei(ut, Ne). The engine map is presented
in Fig. 4.

The front and rear wheels have different braking torques
due to the load transfer during braking. The brake model in
[32] is formulated as:

Pbj = 150Kcjubj − τbs Ṗbj, ∀ j = (r , f ) (6)

The pressure applied on brake disk is written as:

Ṗbj = 150Kcjubj − τbs Ṗbj
τbs

. (7)
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Fig. 4 Engine map for Tei as a function of Ne for various fixed values
of ut is throttle input [31]

In Eq. (7), τbs is the lumped lag-servo valve and the
hydraulic system, Kc denotes the pressure gain, ub is the
brake input, and Pb represents the pressure behind brake disk
(Its range is from 0 to 150 bar).

In the ACC system, leading vehicle acts as disturbance;
hence, v̇l is assumed as: 0 The ACC system is also known
as “distance tracking control”. The distance is calculated by
taking integral of the relative velocity for assuring safety
between two vehicles. The relation between distance and rel-
ative velocity is described in [30]. Therefore, we can write
the expression for distance as:

ḋ = vrel = vl − vh. (8)

vl is the velocity of preceding vehicle and vh represents the
host vehicle velocity.

3 Linearization of the ACC System

The ACC system model developed in Sect. 2 is for the non-
linear system. This section covers the linearization of the
actual nonlinear ACC system to get simplification in terms
of controlling the ACC system. in the ACC system, nonlin-
earity arises in the ILC that consists of brake and throttle.
The ILC is linearized for different operating points. Steps of
linearizing the ILC are elaborated in Sect. 3.1, while gen-
eral form of the state-space equation is discussed in detail in
Sect. 3.2.

3.1 Steps of Linearization

Throttle and brake contribute the nonlinearity of the ACC
system. The steps of linearizing the ACC system are as fol-
lows:

(1) Throttle is active when brake is inactive.
(2) Brake is active when throttle is inactive.

3.2 State-Space Model of the ACC System

The general form of state-space equation is:

ẋ(t) = Ax(t) + Bu(t), (9)

y(t) = Cx(t) + Du(t). (10)

In Eqs. (9) and (10), x (t) ∈ Rn , y (t) ∈ Rp, and u(t) ∈
Rm , where n denotes the number of states, m represents the
number of inputs, and p is the number of outputs.

The state-space model of actual nonlinear ACC system
is formulated in Eqs. (9) and (10). The aforementioned lin-
earization of ILC is attained for two operating points, i.e.,
throttle and brake [31]. The nonlinear states of ACC model
are presented as

x = [
P vh Ne vl d

]T
(11)

After linearization and removal of redundant states in Eqn.
(11) using two operating points (throttle active ub = 0, break
inactive and break active ut = 0, throttle inactive) may be
rewritten as:

x = [vh Ne]T . (12)

The numerical values of the state-space equations for brake
and throttle are presented in “Appendix”.

4 Controller Design

4.1 APID Control Scheme

The backpropagation (BP) algorithm is used for designing
the APID controller. The APID complete system is divided
into four parts. Thefirst three parts of controller are kp , ki , and
kd , whereas controlled plant is the fourth part. The closed-
loop feedback control system is depicted in Fig. 5. The BP
algorithm uses the gradient descent functionwhich is defined
as:

J = 1

2
e2, (13)

J = 1

2
(vh − vre f )

2. (14)

In Eq. (14), vh is the velocity of host vehicle (also known
as following vehicle in case of the ACC system) and vre f is
the reference velocity.
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Fig. 5 Structure of adaptive PID controller for the ACC system

The BP algorithm’s gain is calculated as:

k̇ = −γ
d J

dk
, (15)

InEq. (15), k ∈ {
kp, ki , kd} where kp, ki , and kd represent

the proportional, integral, and derivative parameters of the
controller and γ is the learning rate where γ ∈ (

0 1
)
.

4.1.1 Learning Parameters

The BP optimization is used for minimizing the cost function
and to speed up the convergence. The updated parameters and
learning procedure are calculated as:

k̇p = −γ
∂ J

∂ y

∂ y

∂u

∂u

∂kp
, (16)

k̇i = −γ
∂ J

∂ y

∂ y

∂u

∂u

∂ki
, (17)

k̇d = −γ
∂ J

∂ y

∂ y

∂u

∂u

∂kd
. (18)

where y = vh and u = vref
Equations (16), (17), and (18) are rewritten as:

k̇ p = −γ ex1, (19)

k̇i = −γ ex2. (20)

k̇d = −γ ex3. (21)

where x1, x2, and x3 are inputs for kp , ki , and kd , respectively,
and error is denoted by e. The desired updated values of kp,
ki , and kd are formulated as:

kp(t + 1) = kp(t) + k̇p(t), (22)

ki(t + 1) = ki(t) + k̇i(t), (23)

kd(t + 1) = ki(t) + k̇d(t). (24)

The learning rate is used for the convergence of the BP algo-
rithm. The APID control scheme is tuned online based on the

Fig. 6 Closed-loop structure of the fuzzy PID control scheme for the
ACC system

Fig. 7 Fuzzy inference block

BP algorithm. In the closed-loop system, the updated param-
eters of the APID are used for minimizing error and speed
up the convergence of the system.

4.2 Fuzzy PID Control Scheme

The fuzzy PID control scheme is developed for improving the
performance of the ACC system as presented in Fig. 6. The
fuzzy PID control integrates the advantages of PID and fuzzy
control scheme. The membership function used in fuzzy PID
structure is ofGaussian. Center-of-sums technique is used for
deffuzzification.

The tuning parameters are obtained fromMamdani model
that is for fuzzy inference system (FIS). The FIS block dia-
gram is presented in Fig. 7. The absolute of error is the input
of FIS, and kp , ki , and kd are three outputs. The fuzzy
PID control scheme improves driving safety of the ACC sys-
tem, achieves smaller oscillations, and manages comfortable
traveling.

The variable ranges of the PID controller are supposed
as

[
kp min, kp max

]
, [ki min, ki max], and [kd min, kd max],

respectively. The simulation of PID control scheme deter-
mines the range of each parameter. For calibration of PID
parameter ranges, intervals used are: kp ∈ [10, 100], ki ∈
[0.1, 1], and kd ∈ [0.001, 0.01] as presented in [33]. There-
fore, the updated parameters are calculated as:

k̇ p = kp − kp min

kp max − kp min
= kp − 10

100 − 10
, (25)

k̇i = ki − ki min

ki max − ki min
= ki − 0.1

1 − 0.1
, (26)
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Table 1 Fuzzy inference rules

Rule number Fuzzy rules

1 If |e(t)| = 0, then kp=L and ki=S and kd=0

2 If |e(t)| = S, then kp=L and ki=0 and kd=0

3 If |e(t)| = L , then kp=L and ki=L and kd=0

S: small, L: large, Z: zero

k̇d = kd − kd min

kd max − kd min
= kd − 0.001

0.01 − 0.001
. (27)

The parameters of PID control scheme are updated online
via fuzzy rules given in Table 1. Gaussian and triangular
membership functions are used in antecedent and consequent
part, respectively, for updating of fuzzy rules. Antecedent
part of the fuzzy system is absolute error, and the consequent
part is the tuned values of PID, i.e., kp, ki , and kd . The fuzzy
PID parameters are adopted and updated online using fuzzy
inference rules in Table 1.

Therefore, updated gains are kp, ki , and kd may be calcu-
lated from Eqs. (25), (26), and (27) as:

kp = 90k̇ p + 10, (28)

ki = 0.9k̇i + 0.1, (29)

kd = 0.009k̇d + 0.001. (30)

The tuning parameters kp, ki , and kd improve system per-
formance specifications such as steady-state error, rise time,
overshoot, and settling time.

5 Performance Evaluation

Our objective is to reduce driver burden, increase the traf-
fic flow output, improve safety, increase fuel efficiency, and
decrease traffic accidents using various control schemes for
the ACC system. The proposed control schemes include: (a)
PID (Ziegler–Nichols method is used for PID tuning), (b)
APID, and (c) fuzzy PID design for different traffic sce-
narios. All control schemes are compared for linear and
nonlinear ACC model to illustrate the best switching control
paradigm for the brake and throttle. The proposed control
schemes are compared through computer simulations using
MATLAB/Simulink .

The system’s sensitivity and precision are tested for var-
ious PIs. The PI calculations are used for achieving an
appropriate and beneficial control scheme for the speci-
fied system. The computational cost of control scheme is
linked with accuracy and imprecision for each control algo-
rithm. The decision on control law selection for the system
is based on PI response of each control paradigm. Some
commonly used PIs in practice are integral square error

Fig. 8 Bode plot for the ILC

(ISE), integral of the absolute magnitude of error (IAE),
and integral time-square error (ITSE) where ISE, IAE, and
ITSE mathematically are defined as: ISE = ∫ t

0 |e(t)| dt ,
IAE = ∫ ∞

0 t |e(t)| dt , and ITSE = ∫ t
0

∣∣e2(t)∣∣ dt , respec-
tively. Performance indices are calculated in pu-sec.

The closed-loop transfer function of CC system is:

vh(s)

vt (s)
= 0.637s + 0.0098

s3 + 0.4657s2 + 0.002485s
(31)

Bode diagram for the transfer function is sketched in Fig. 8.
The bandwidth frequency is calculated for the ILC and OLC.
Bandwidth frequency is the frequency corresponding to the
closed-loop magnitude response at -3dB. The large band-
width can pass higher frequencies more easily; hence, large
bandwidth corresponds to a faster rise time. Figure 8 illus-
trates the bandwidth of the CC system approximately equals
to 1.24 rad/s (0.19735Hz). The ILC has faster response, as
higher bandwidth frequency is observed.

The transfer function of the OLC is:

vh(s)

vrel (s)

= 0.637s4+0.9432s3+0.3124s2+0.006225s+0.02522

s6+1.695s5+1.565s4+1.111s3+0.3132s2+0.006224s+0.02522

× 0.637s4+0.9432s3+0.3124s2+0.006225s+2.522e−05

s6+1.695s5+1.565s4+1.111s3+0.3132s2+0.006224s+2.522e−05
.

(32)

The bode diagram for Eq. (32) is presented in Fig. 9. The
bandwidth frequency observed for OLC is 0.8821 rad/s
(0.1404Hz). The bandwidth of the OLC is lower than the
ILC.

The minimum bandwidth shows that the response time of
the OLC is slower than ILC.

The ACC system is a cascaded network that consists of
the ILC and OLC, where disturbance in the OLC causes mal-
functioning in ILC. Considering above, the response time of
the ILC should always be greater than the OLC. The proper
synchronization between the ILC and OLC is observed.
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Fig. 9 Bode plot for the OLC

Fig. 10 The system operates in CC mode (linear model)

Table 2 PI quantitative values for the Linear CC system

Control scheme Performance indices

ISE IAE ITAE ITSE

PID 1.449×104 606.7 6.067×104 1.449×106

APID 9613 393.7 3.937×104 9.613×105

Fuzzy PID 4263 229.9 2.299×104 4.263×105

Comparison of the proposed control schemes for the linear
CC system is presented in Fig. 10. When system operates in
theCCmode, no vehicle is present in front of the host vehicle,
and desired cruising speed is followed that is the driver’s set
speed. The desired cruising speed varies for various intervals.
Figure 10 demonstrates that PID control overshoot is greater
at the beginning and then settles down at 17 s. However, the
APID controller oscillates for 18 s and the fluctuation for
fuzzy PID control scheme is minimum. The fuzzy PID con-
trol technique improves the fuel efficiency, driving safety,
and passenger comfort.

In case of the linear CC system, the quantitative values of
the PI for ISE, IAE, ITAE, and ITSE are presented in Table 2
for all proposed control paradigms. The control scheme with
minimum PI is considered as an optimal control scheme. The
fuzzy PID control scheme is approved as fuel efficient among
all control schemes.

Figure 11 shows the comparison of all proposed control
paradigms for nonlinear CC system, as performance differs

Fig. 11 The system operates in the CC mode (nonlinear model)

Table 3 PI quantitative values for the nonlinear CC system

Control scheme Performance indices

ISE IAE ITAE ITSE

PID 1.116×105 2322 2.322×105 1.116×107

APID 1.819×104 659.2 6.592×104 1.819×106

Fuzzy PID 0.382×102 532 9.32×102 0.592×105

for each control scheme. In the beginning, the PID control has
overshoot of 74.5%. Overshoot causes system instability that
affects passenger comfort and fuel consumption. Transients
in the PID control settle down at 18 s; thus, the desired cruis-
ing speed is attained after a long duration. The APID has
ability of adapting values in accordance with the variation
in system parameters. Therefore, the desired cruising speed
is adapted earlier than conventional PID control. The com-
parison of the PID, APID, and fuzzy PID control schemes
indicates that the fuzzy PID has no overshoot and steady-
state error. Therefore, the comfortable driving is achieved.

The performance comparison of proposed control para-
digms for nonlinear CC system in Table 3 illustrates the
optimum system with fuzzy PID.

In Fig. 12, as the ACC-equipped vehicle detects the lead-
ing vehicle, the ACCmode becomes active. The host vehicle
starts following the leading vehicle instead of desired cruis-
ing speed that is set by the driver. When ACCmode is active,
PID, APID, and fuzzy PID control schemes are designed so
that the host vehicle follows the velocity of the leading vehi-
cle. The APID control scheme starts tracing the velocity of
leading vehicle at 37 s. The simulation results of the fuzzy
PID control scheme are best as safe following of leading
vehicle is observed and safe distance between two vehicles,
i.e., the leading and the host vehicle is maintained.

Proposed control paradigms for linear ACC system are
demonstrated in Table 4 for various PI quantitative values
such as ISE, IAE, ITAE, and ITSE. As fuzzy PID improves
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Fig. 12 The system operates in the ACC mode (linear model)

Table 4 PI quantitative values for the linear ACC system

Control scheme Performance indices

ISE IAE ITAE ITSE

PID 3808 262.3 2.623×104 3.808×105

APID 2586 305.5 3.055×104 2.586×105

Fuzzy PID 1326 409.3 4.65×103 1.432×104

the performance of the ACC system, therefore minimum PI
is observed.

The switching control paradigms such as PID, APID, and
fuzzy PID are compared in Fig. 11 for the actual nonlin-
ear ACC system. The PID control scheme starts following
the velocity of leading vehicle at 78 s, while the APID con-
trol follows at 62 s. The fuzzy PID control scheme designed
for the actual nonlinear ACC system exhibits considerable
improved system performance.

The fuzzy PID control results in appropriate switching
between brake and throttle. The APID control scheme com-
pared with PID improves the performance of the nonlinear
ACC system. The comparison of PID, APID, and fuzzy PID
in Fig. 13 is further clarified in Table 5. The table illustrates
that the fuzzyPID control schemehas best performance, as PI
for the fuzzy PID control scheme presents the smaller value.

The ACCSG is extension of the ACC system, covering
range of 0–58m/s. Initially leading vehicle accelerates to
58m/s; at 25 s, it decelerates to 6m/s and then increases
the velocity. The control schemes are developed indepen-
dently for brake and throttle. The comparison of proposed
control schemes is presented in Fig. 14. In case of PID con-
trol, the following vehicle starts following the velocity of
leading vehicle after 11 s, and oscillations are also observed.
During stop-and-go condition that is shown in the interval
between 25 and 63s, the APID control scheme starts fol-
lowing the leading vehicle earlier than the PID control. The
ACCSG simulation results proved that the fuzzy PID control

Fig. 13 The system operates in the ACC mode (nonlinear model)

Table 5 PI quantitative values for the nonlinear ACC system

Control scheme Performance indices

ISE IAE ITAE ITSE

PID 1.075×105 2236 2.236×105 1.075×107

APID 8025 498.4 4.984×104 8.025×105

Fuzzy PID 6451 389.5 4.671×103 6.053×104

Fig. 14 The linear ACCSG system

Table 6 PI quantitative values for the linear ACCSG system

Control scheme Performance indices

ISE IAE ITAE ITSE

PID 3808 262.3 2.623×104 3.808×105

APID 2586 305.5 3.055×104 2.586×105

Fuzzy PID 1935 282.5 4.6.1×104 1.873×104

scheme results in smooth switching between brake and throt-
tle, thus providing improved results for the ACCSG system.

The simulation results of Fig. 12 are organized in Table 6.
The PI for the fuzzy PID control scheme presents minimum
value, as systemperformance is increasedwith suitable rising
and settling time.

Simulation results of control paradigms such as PID,
APID, and fuzzy PID for the actual nonlinearACCSGsystem
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Fig. 15 The nonlinear ACCSG system

Table 7 PI quantitative values for the nonlinear ACCSG system

Control scheme Performance indices

ISE IAE ITAE ITSE

PID 5990 321.7 3.217×104 5.99×105

APID 4571 285.9 2.859×104 4.571×105

Fuzzy PID 3910 201.4 7.058×103 6.513×104

are shown in Fig. 15. The APID control scheme has fewer
oscillations as compared with the conventional PID control,
thus following the velocity of the leading vehicle precisely.
The fuzzy PID control scheme has no overshoot, and stability
is observed for the nonlinear ACCSG system that increases
traveling comfort and fuel efficiency.

The fuzzy PID control scheme has appropriate rising and
settling time that results in increased performance of the
ACCSG system. The PI quantitative values for ISE, IAE,
ITAE, and ITSE are compared in Table 7 for proposed con-
trol paradigms for linear CC system. The minimum PI of the
fuzzy PID control scheme shows improved performance.

6 Fuel Economy

In today’sworld, themodern automotive engineering focused
on reduction in fuel consumption. The different control
schemes are used for increasing fuel efficiency. In this
regard, the comparison of PID, APID, and fuzzy PID control
schemes is compared for various traffic scenarios.

Table 8 presents values for theCCmode of operation using
the PID, APID, and fuzzy PID control schemes. The fuzzy
PID control illustrates much efficient results as compared
with PID and APID control schemes.

Simulation results for the ACC system are presented in
Table 9. The fuzzy PID control scheme improves fuel saving,
as fuel consumption decreases with an increase in stability.

Table 8 Fuel economy for CC nonlinear model

Quantity Control scheme

PID APID Fuzzy PID

Liter/100km 11.59 11.55 11.26

km/l 8.629 8.659 9.098

MPG (miles per gallon) 20.3 20.37 20.89

Total fuel used (l) 0.4492 0.4486 0.3412

Table 9 Fuel economy for ACC nonlinear model

Quantity Control scheme

PID APID Fuzzy PID

Liter/100km 12.49 12.45 11.98

km/l 8.004 8.03 9.36

MPG (miles per gallon) 18.89 18.83 19.34

Total fuel used (l) 0.5645 0.5626 0.4932

Table 10 Fuel economy for nonlinear ACCSG System

Quantity Control scheme

PID APID Fuzzy PID

Liter/100km 22.45 22.15 20.08

km/l 15.034 15.04 16.05

MPG (miles per gallon) 23.78 23.89 24.09

Total fuel used (l) 3.457 3.4552 3.0512

The APID control scheme is fuel efficient as compared with
the conventional PID control.

The ACCGG depicts the fuel economy for proposed con-
trol schemes in Table 10. The ACC system with fuzzy PID
control scheme covers distance of 9.36kmwith 1 l; APID uti-
lizes 1 liter for 8.03km, while the total distance covered with
the integration of the PID control scheme is 9.36km. The
fuzzy PID improves fuel efficiency for ACCSG scenario.

7 Conclusion and FutureWork

The incorporation of fuel economy data plays a pivotal role in
designing the ACC system. The system stability, passenger
comfort, and fuel economy, a control designer must incor-
porate various switching control paradigms considering all
possible traffic scenarios.We analyzed the effect of proposed
control paradigms for various traffic scenarios such as CC,
ACC, and ACCSG considering fuel efficiency for each sce-
nario. We analyzed that the fuzzy PID control scheme is
efficient for both linear and nonlinear models of the ACC
system.
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Our future work will consider electric vehicle power con-
sumption for numerous control schemes. Recent work covers
various PID control schemes such as conventional PID,
APID, and fuzzy PID. Advance nonlinear control schemes
are able to improve the ACC system performance and fuel
consumption, so future work will look on model predictive
control (MPC) and hybrid MPC (HMPC).

8 Appendix

The state-space representation for throttle is:

At =
[− 0.0054 0.0001

0.0059 − 0.4603

]
, (8.1)

Bt =
[

0
686.2546

]
, (8.2)

C = [
0.0714 0

]
, (8.3)

D = 0. (8.4)

When brake is active and throttle is inactive, state-space
model for brake is obtained as:

Ab =
[− 0.0056 0.0001

0.0050 − 0.4597

]
, (8.5)

Bb =
[− 0.0827

0

]
, (8.6)

C = [
0.0714 0

]
, (8.7)

D = 0 (8.8)
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