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Introduction

Cooperative adaptive cruise control systems
are highly affected by model uncertainties and
communication delays, which make controller
tuning more challenging and may degrade
tracking and platoon performance. To address
these issues, this study proposes a parameter-
space-based fractional-order PD controller for
CACC systems. In the proposed approach,
both the controller gains and the fractional or-
der are considered as design parameters, allow-
ing the stable regions to be determined analyti-
cally. The effectiveness of the proposed method
is evaluated in terms of tracking and string sta-
bility performance and compared with a con-
ventional integer-order PD controller.
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Figure 1: CACC equipped consecutive
vehicles in the convoy.
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Figure 2: CACC system structure for a single
vehicle.

Controller Synthesis

A fractional-order PD controller is consid-
ered for the feedback channel of the vehicle-
following system. The controller is defined as

Cfb,i(s) — /{p + kgs" (1)
The vehicle dynamics are represented by a de-
layed transter function

GZ(S) _ N(S) —0;s

2
Dis) (2)
while the spacing policy is described by the con-
stant time-headway model

H(S) = thais + 1 (3)

Frequency-domain analysis is applied by sub-
stituting s = jw into the characteristic equa-
tion. The resulting real and imaginary parts
yield the complex-root, real-root, and infinite-
root boundaries, which define the admissible
stability region in the (k,, kg) plane.

Plus, the feedforward controller is designed as
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Figure 3: 3D representation of the stability
regions in the (k,, k4, ;) parameter space.

Vehicle Modeling

For controller design, the ideal longitudinal dy-
namics of the ¥ vehicle are first described by

(1) = uy(t) (5)

By incorporating actuator and powertrain dy-
namics, the vehicle model is written as

GZ(S> — 77 — 9/ (6)
Ui(s) s*(1is+ 1)
To obtain a more realistic representation, the
input delay is explicitly included as
—HZ'S

€
[
s?(ms + 1) ( )
where 7; denotes the powertrain time constant
and 6; denotes the input delay of the i vehicle.
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Spacing Policy

A constant time-headway spacing policy is
adopted. Accordingly, the desired spacing is

defined as

dyi(t) = Ti(t) tha.i (8)
Considering the vehicle lengths, the actual
inter-vehicle spacing is expressed as

dz(t) — xi_l(t) — ZEl(t) — Lr,z’—l — Lf’@' (9)

Hence, the spacing error becomes

ei(t) = xi—1(t)—zi(t)— Ly im1— Lpi—24(t) tha,

(10)
The control action includes feedback and feed-
forward terms. The feedback part regulates the
spacing error, while the feedforward part uses
the preceding vehicle acceleration.

Abstract

Cooperative adaptive cruise control (CACC), an extension of adaptive cruise control (ACC), is an important intelli-
gent transportation solution for future mobility. It leverages vehicle-to-vehicle information to improve longitudinal
tracking, traffic throughput, energy consumption, and string stability. However, controller tuning remains sensi-
tive to model uncertainties and communication delay. This paper presents an analytical parameter-space-based
fractional-order PD (FOPD) controller tuning framework for the CACC problem. For the constant-time headway
spacing policy, the fractional-order controller parameters are explored over the (k,, kg4, () parameter space, ac-
counting for plant uncertainties. To enable a tractable stability assessment for the commensurate fractional-order
characteristic equation, a variable transformation is used to obtain an equivalent polynomial form, and stability
is then verified using the Hurwitz criterion. The resulting parameter-space maps provide a transparent graphi-
cal approach to controller gain and fractional-order selection. Moreover, the CACC design is implemented by a
feedforward controller that uses preceding vehicle acceleration information within the predecessor-vehicle-following
communication topology. The proposed method is tested in a vehicle platoon simulation environment with re-
spect to string stability and the time-domain responses of position, velocity, acceleration, and headway time.
The fractional-order CACC is compared with integer-order controllers. Simulation studies under representative
CACC maneuvers demonstrate that the proposed parameter-space approach enables systematic FOPD tuning and
achieves improved performance requirements compared to integer-order PD control.

Metric ACC-IO ACC-FO| CACC-I0O CACC-FO
155(5)|oc 1+ 0289 x107*  1.0000 |1+ 0.155 x10~*  1.0000
String stability level (dB) 0.0000 -0.000001 0.0000 -0.000002
Settling average 0.06670 0.06640 0.00735 0.00726
Peak average 0.06670 0.06646 0.00736 0.00727

Table 1: Comparison of performance metrics for different ACC and CACC structures.

String Stability

String stability ensures that spacing distur-
bances do not grow along the platoon. The
string stability condition is employed and veri-
fied in the frequency domain as

Xi(jw)
Xi—1(jw)
For the considered CACC structure, the string
stability transfer function is written as

B (Cfbﬂ'(S) + 326—58Cff’i(3)) GZ(S)

|S5Si(s)]|eo <1 & <1,Yw (11)

SScacc,i(s) = 14+ Cyi(s)Gi(s)Hi(s)
(12)
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Figure 4: String stability comparison of

different ACC and CACC structures.

Simulation Results
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Figure 5: Acceleration profiles of the vehicles
for the FO controller with © = 0.97.

0.015

0.01

(m)

o
o
o)
a

o

o
o
S
o

Headway Distance Error

/" /'
-0.01 | y y

-0.015
0

ce o o000
S35333333

Q0000000
©ODODODODODDD

ONO O WN =

W [
(63}

| | | | | |
5 10 15 20 25 30
Time (sec)

40

Figure 6: Headway distance errors of the
follower vehicles with p = 0.97.
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Figure 7: Position trajectories of the vehicles
for the FO controller with © = 0.97.
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Figure 8: Velocity profiles of the vehicles for
the FO controller with p = 0.97.

Conclusion

This study presented a parameter-space-based
FOPD controller design framework tor CACC
systems under delayed vehicle dynamics. By
considering both the controller gains and the
fractional order as design variables, the pro-
posed approach provides a systematic and
practical way to identify stable controller set-
tings. The results show that the fractional-
order CACC structure preserves string stabil-
ity and achieves slightly improved settling and
peak response characteristics compared with
the corresponding integer-order designs. Over-
all, the method offers an effective analytical
tool for robust and transparent controller tun-
ing in vehicle platooning applications.
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