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Approximation-Free Prespecified Time Bionic
Reliable Control for Vehicle Suspension
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Abstract— Developing a solution to suppress vibration with
low energy consumption is an interesting and significant topic
for vehicle suspension. This paper proposes an approximation-
free prespecified time energy-efficient fault-tolerant control
scheme for active suspensions. Inspired by the X-shaped
asymmetric structures that existed in animal limbs, the energy
consumption can be significantly reduced, without changing
the hardware structure and optimization, only by introducing
bionic dynamics. Moreover, the states can converge to a
neighborhood of zero within a pre-specified finite time interval
by employing the designed bionic control framework. Note
that the settling time is independent of the initial values
of states and the controller parameters. Meanwhile, system
uncertainties, external perturbations, and actuator faults can
be handled effectively by the presented approximation-free
controller. The knowledge of actuator faults, perturbation, and
suspension model is not required for controller design. By using
the designed approximation-free prespecified time bionic fault-
tolerant controller, excellent ride comfort can be achieved
with low energy consumption. Experiments are performed and
corresponding comparison results are provided to demonstrate
the superiority of the developed control method.

Note to Practitioners—Vehicle active suspensions offer a
higher degree of control freedom to isolate vibrations, however,
are associated with expensive energy consumption. Model
uncertainties, non-linearities, external disturbances, and actuator
faults in real-world environments can lead to performance
degradation. Motivated by this, this paper designs a bio-inspired
energy-saving prespecified time approximation-free fault-tolerant
controller. By employing dynamical properties inspired by X-type
structures that exist in animal limbs or bones, efficient energy-
saving control can be achieved. The transient responses are
constrained to a prescribed region and converge to a given
steady-state region within a pre-assigned time. The proposed
controller does not require approximation structures such as
neural networks or fuzzy rules. Consequently, the controller
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exhibits a simple structure that can be readily implemented and
deployed in practical suspension systems. Experimental results
obtained from practical suspension platforms under different
road excitations demonstrate satisfactory energy saving and
vibration suppression performance of the presented control
scheme.

Index Terms— Energy consumption, prespecified time, bionic
dynamics, approximation free, vibration suppression, active
suspension.

I. INTRODUCTION

EHICLE vibration [1], [2], [3], [4] is inevitable when
Vthe vehicle is driving on an uneven road, which
can deteriorate vehicle performance. Suppressing vehicle
vibrations helps to improve ride comfort and safety, while
reducing the adverse effects of vibration, including damage to
components and reduced vehicle lifetime. Vehicle suspension
control [5], [6], [7] provides an effective solution to suppress
vehicle vibration and thus attracts a great deal of interest from
automotive engineers and scientists. By devising suspension
controllers, it is desired that the external perturbations and
system uncertainties, including parameter uncertainties and
model uncertainties, can be handled efficiently to achieve
fast vibrations isolation while enhancing the reliability against
faults and reducing energy consumption.

Suspension controllers are mainly applied for active and
semi-active suspensions (SAS) [5]. Compared with SAS,
active suspension (AS) [6] has a higher control degree of
freedom and thus is more flexible. However, the energy
consumption of AS [7] is generally higher than SAS. To reduce
energy consumption, a self-powered suspension with special
circuits is designed in [8] to regenerate and save energy. Such
special circuits in [8] can be effective in reducing energy
consumption but require changes in the hardware structure
of AS, which makes it difficult and expensive to deploy and
limits the application of this approach. The MPC approach
proposed in [9] introduces energy consumption into the cost
function to achieve energy savings by optimization. In [10],
game theory is used to develop specific rules to balance ride
comfort and energy consumption. In particular, an interesting
X-type bionic suspension inspired by animal limb structures
contributes to reducing energy consumption, as analyzed in
[11]. Compared with embedding self-powered circuits into
AS [8] or optimizing special cost functions, introducing bionic
dynamics [12], [13] is more convenient to deploy in practice.
For this reason, this paper focuses on designing a bionic
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energy-saving control scheme for AS to achieve flexible and
efficient vibration suppression.

Numerous control methods are employed to develop
suspension controllers [14]. The adaptive backstepping-based
controller in [7] allows the system error signals and states to
be bounded. Employing the linear matrix inequality, the H,
controller proposed in [15] achieves asymptotic stability of
the closed-loop system, namely, the state signals tend to O as
t — oo. The error signals can converge to a neighborhood
of 0 in finite time using the presented sliding mode controller
in [16]. However, the finite convergence time depends on the
initial value and the controller parameters. The fixed time
controller [17] can remove the dependence on the initial value.
However, it is still limited by the controller parameters and
the first-order derivatives of perturbations are assumed to be
bounded. Prespecified time control [18] methods can explicitly
specify the settling time, which is completely independent
of the controller parameters and the initial value. The novel
prescribed time controller in [19] theoretically guarantees
the error signals converge to O over finite time intervals.
However, it may be unrealistic in practice as the noise will
be amplified at the prespecified settling time instant [20]. It is
more reasonable to make the error signals or states converge
to a neighborhood of O at the prespecified time for practical
applications [18].

In addition, the following difficulties are common in real
systems, which need to be considered to guarantee or enhance
controller performance.

o Uncertainties: The model-based controllers [7] require
the prior models and parameters information and the
performance is closely associated with the information
accuracy. However, collecting accurate system informa-
tion is unrealistic. Neural networks [21] or fuzzy rules
can be employed to approximate the unknown model,
nonetheless, which introduces new challenges, including
designing network structure, training data collection,
constructing fuzzy rule bases, etc.

o Disturbances: To further enhance the robustness, the
external disturbances can be handled using embedded
structures such as disturbance observer and adaptive
estimation [8]. Correspondingly, it leads to high controller
complexity or requires stringent assumptions for example
bounded first-order derivatives.

o Faults: Actuators faults [22], [23], [24] caused by aging
and wear, etc, can affect system performance adversely.
Seeking a solution to address the occurred faults is a
hot topic. By introducing fault detection and estimation
mechanisms, some existing results can achieve effective
fault-tolerant control.

However, constructing neural network structures, designing
enough fuzzy rules, and developing disturbance observers or
fault estimators are inherently challenging. Meanwhile, the
mentioned approach increase controller complexity and the
difficulty of the controller design and application. In contrast,
time delay estimation (TDE) [24] allows the control scheme to
be independent of the model knowledge and does not require
additional complex mechanisms. Consequently, the controller
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Schematic of a quarter-vehicle active suspension.

complexity can be reduced and a simple and efficient controller
is possible.

Motivated by the analysis above, this paper presents an
approximation-free energy-efficient prespecified-time reliable
control framework utilizing bionic dynamics and time-delay
information. The main contributions are listed as follows:

1) A prespecified time controller is designed that can make

the steady-state responses of error signals converge to
a neighborhood of O over a prespecified finite time
interval. Meanwhile, the system transient responses
satisfy the performance constraints. Compared with
the conventional asymptotically stability, finite-time
stability [25], and fixed-time stability, the prespecified
convergence time is completely independent of the initial
values and controller parameters [18].

2) By introducing time delay information, the designed
control scheme is model-free and approximation-free.
Namely, the model knowledge and approximation
structures, such as neural networks or fuzzy logic [26],
are unnecessary. Meanwhile, the proposed controller is
robust to unknown external disturbances. Actuator faults,
including loss-of-effectiveness faults and bias faults,
can be effectively compensated and handled to enhance
reliability.

3) Inspired by animal bionic structures [11], asymmetric
X-type bio-inspired dynamics are embedded into this
controller, which further reduces energy consumption.
The proposed energy-efficient control framework does
not need to solve optimization problems, nor change
the hardware structure with the regenerative circuits [8].
Simple and effective energy-efficient control with
reliable vibration isolation is achieved.

II. PROBLEM FORMULATION

The detailed structure of the quarter-vehicle active sus-
pension is illustrated in Fig. 1. The vehicle body mass is
denoted as the sprung mass mj, and the unsprung mass
m, represents the wheel mass. The damping and elastic
forces of active suspension are represented as F; and F,.
Correspondingly, F,, and F, are the elastic force and damping
force of the tire under the road excitation x,, respectively.
Xy and x, are the sprung and unsprung mass velocities,
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and the corresponding displacements are denoted as x; and
Xy, respectively. Define & :=x,, &:=xX,, &3:=x,, &:=x,, the
nonlinear suspension model [16] can be formulated as follows:

=6 M
. 1
52 = m_l(_Fl().cs: ).Cuv t) - Fu(-xsv Xus t) + U(M(t))) + dl (2)
3 =4 3)
. 1 ..
54 = _(Fl(x.w Xus t)+Fu(-xSa Xus t)

nip

_Fw(xuaxr»t)_Fr()‘Cua )‘Crat) —v(u(t)))+d2 (4)
y=§&i (5)

with
Fu(xg, xy, 1) = ps1(xg — xy) + psa(xg — xu)3’
ki (& — %) > 0

F[(J'CS, Xus t) = kll’().cx _).Cu)7 klp - [kﬁ’()‘cx _).C”) =0

Foy(xu, Xp, 1) = pu(xy — X,), Fy (%, %, 1) =k, (X — %)

where p;1, ps2, k; and k,, are the suspension linear, nonlinear
stiffness, and damping coefficients. v(u(¢)) is the actual signal
of the actuator and u(#) denotes the control input to be
designed. The tire stiffness and damping coefficients are
denoted as p, and k.. d; and d, are the unknown external
unmatched disturbance.

Inspired by animal skeleton structure, it is possible to
enhance the energy efficiency of the active suspension system
with the help of bionic dynamics by exploiting the beneficial
nonlinear properties. As depicted on the right side of Fig. 1,
bionic dynamics is introduced as a reference model to improve
energy-saving characteristics in this paper. In addition to
vibration suppression and low energy consumption, reliability
is also crucial for vehicle suspension. Specifically, the
following actuator faults [24], [27] are considered and
addressed in this paper, modeled as

v(u(t) = £(Our) + ¢, (1) (6)

where 0 < ¢(f) < 1 is the unknown time-varying
loss-of-effectiveness (LOE) coefficient of actuator. ¢,(¢) > 0
represents the unknown time-varying actuator bias fault (BF).
Note that the following cases are covered in (6): 1) {(¢) =1,
¢p(t) = 0, fault-free case; 2) ¢ (¢) = 1, ¢, (¢) # 0 indicates that
lock-in-place (LIP) fault exists; 3) ¢(¢) € (0,1), ¢p(t) =0
means that LOE fault exists; 4) ¢(r) € (0,1), {p() #0
indicates both LOE and BF faults exist.

The suspension sprung system model with actuator faults
can be reformulated as

£ =& (7)
£y = f(E1.E0 ) +8(E1Ex, DU+ h(EErt)  (B)
y=4§ ©)]
where  f(§1,52,1) = mL](_Fl(xs’qu’t)_Fu(xsaxuat))’

816, 1) =S8 h(E & 1) =20 4 dy.

m my
Specifically, the following aspects are taken into account for

the controller design in this paper:
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« Ride comfort; superior ride comfort means that the
vehicle vibration is suppressed quickly and effectively.
Vertical acceleration is used as the performance indicator
of ride comfort for quantitative assessment.

o Low energy consumption; introducing beneficial nonlin-
earities by combing animal limb dynamics to further
reduce energy consumption.

« Reliability; actuator faults [28], caused by mechanical
mechanism wear, aging, etc, are handled to enhance the
reliability of the suspension system.

« Robustness; model uncertainties, parameter uncertainties,
and unknown external perturbations are also taken into
consideration.

In general, this paper focuses on an energy-efficient
approximation-free controller design with fast pre-assigned
time convergence properties, which can suppress the vibration
effectively while handling unknown time-varying actuator
failures, model uncertainty, parameter uncertainty, and external
disturbance with low energy consumption.

Definition 1: The system » = f(x,t),x € R" is
said to achieve practical prespecified time (PST) conver-
gence [18], [19], [29], [30] if there exists a settling time T
and a constant ¢ such that

llx|l < o, for t > T, Vx(0) = (10)

where T, > 0, and ¢ € R are the parameters selected by the
user. The settling time 7 is completely independent of the
initial conditions »y and controller parameters.

Assumption 1: The actuator bias fault ¢{,(#) and external
disturbance d; are bounded, namely

1Co(] < Cpy |di| < dii=1,2 (11)

where Eb, d; are unknown positive constants. Recall that (9),
h(é1,€2,t) < h holds. h = ]% + d; is a unknown positive
constant.

III. MAIN RESULTS

In this section, detailed descriptions of the introduced
time-delay estimation technique are given first. Aiming
to reduce energy consumption, based on bionic structural
properties analysis [11], bionic dynamics are designed to
provide a reference trajectory for the active suspension.
Then, the approximation-free prespecified time controller is
developed by employing function transformation and time
delay information, while the detailed theoretical proof of the
devised control framework is presented.

A. Time Delay Estimation

The sprung suspension system with actuator failures (5)-(9)
can be reformulated as

§1=6 ) (12)
£y =B LELD+S (13)
y=£& (14)

where
B¢ L6 D=f(E1E D) +8E1LE0 DU — S u+h( .62, 1)
(15)
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Fig. 2. Asymmetrical X-shaped bionic limb structures present in animals.

and Se R* is a introduced constant. The nonlinear function
E(£1,£2,1) can be estimated by employing the time delay
information, and the detailed analysis of TDE can be found
in [31]. The effectiveness of the TDE has been verified in
vehicle-integrated motion control [24], robot manipulators,
and six-phase induction motor [31]. Using the time delay
information, when 7 is small enough, we can obtain

B(£1,62,1) ~ E(E1,62,1) = E(E1,E0,1 — T)

where @(Sl, &,1) is the estimation of E (&, &, ). Corre-
spondingly, the time delay estimation error o can be calculated
as

(16)

o = E(E1,E2,1) — E(E1,E2,1)

The boundedness of o will be given later.

By introducing the time delay information (16), the
suspension sprung system (7)-(9) with actuator faults (6) can
be rewritten as

a7

£ =& (18)
Ey=EELEt—T+S u+o (19)
y=£& (20)

where, E(£1,£,,t — 7) can be obtained from (12)-(17) by
EE 150t —T)=60-T)-8 'u—-T) (1)

B. Bionic Reference Dynamics

Aiming to achieve energy-saving properties, bionic struc-
tures are introduced and analyzed in this section. Asymmetric
X-shaped structures are naturally present in animal limbs,
such as the white stork in Fig. 2(a) and the flamingo in
Fig. 2(b). Fig. 2(c) highlights and illustrates the presence of
X-shaped structures. Inspired by the animal limbs, the static
bionic dynamical structure is modeled as in Fig. 2(d). The
lengths of the left and right rods of the bionic structure are
w; and w,, and the corresponding static angles with the base
are 6, and 6,, respectively. The equivalent lateral and vertical
spring stiffnesses are py and p;. The structure deformation
under external excitation is illustrated in Fig. 2(e). ¢; and
¢, represent the left and right angular deformations, and the
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corresponding displacements are b; and b,. by denotes the
vertical relative displacement of M, with respect to the base,
namely, by = x, — x,,. According to the geometric relationship
in Fig. 2(d) and (e), we can obtain

wy sin G + 2
o = arctan(¥) — 6

(22)
wy cos By — by,

bo\ 2
by = wy cos O — \/w,% — (wk sin 6 + EO) (23)

where k = [, r. Define ¢ := ¢ + ¢,, by := b; + b,, and

d(by) d(bo) ¢\’
S ga(by) = (— (24)
d(bo) d(x;) d(bo)
By employing the Lagrange principle [11], the X-shaped
bionic reference dynamics can be expressed as

81(bo) := pobi

Mybo + My%, = —g1(bo) — pibo — Aibo — Magnga(bo)bo
(25)

where \; and ), denote the air drag and the rotation friction
factors. g1(bo) and g>(bp) in (24) can be calculated by

g1(by) = % (wl cos ) + w, cos 6, — / wl2 — Y2(bg)
—Jw? - Tz(bo))

Y (bo) Y (bo)

Jui =10y VWi =T
2

(26)

1 1
+
2 Juf 2y 2/wi = ()

where Y (by) := w; sinf; + %

Introducing the animal limb-inspired asymmetric X-shaped
structure [12] to employ the beneficial nonlinearities present
in the structure, can help to reduce energy consumption while
suppressing vehicle vibration and improving ride comfort [13].
In practice, the detailed structural characterization analysis
in [11] can be used to rationally select the X-type structural
parameters. More detailed information about the advantages
and characteristics of bionic dynamics in engineering
applications can be found in [12].

82(bo) = 27

C. Approximation-Free Global Prespecified Time Controller
Design

The details of the developed practical prespecified time
controller based on time delay information to achieve effective
vibration suppression with low energy consumption are
elaborated in this section. The vibration suppression problem
for the suspension sprung system (7)-(9) is converted into a
reference dynamics (25) tracking problem. Meanwhile, the
robustness to external disturbances, parameter uncertainties,
model uncertainties, and reliability against actuator faults are
enhanced by the proposed controller. Specifically, the tracking
error variable e; is defined as

er=y—y =& —§ (28)
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where the reference signal y, can be obtained from the bionic
dynamics (25). The following special error constraint function
Q(¢) is introduced into the presented control scheme:

2L

t>T§

(29)
Q7
where L is a positive integer and subject to £ > 2. T; is the
prespecified setting time and Q,, is the prescribed steady-state
error constraint. Q(¢) to be infinite at the initial instant allows
it to obtain a global result. For simplicity, we define Q(),
whose first-order derivative Q(z), and second-order derivative
(1) are equal to 400 at the initial instant in this paper,
namely, Q(O)=Q(O)=Q(O)=+oo. Q, and T can be tuned and
specified by the user, as required.
Based on the error constraint function (29), the following
error transformation is introduced
) e (t)
m@) = ———=
F (D))
where D(¢) denotes the distance of the transformed error signal
from the error constraint Q(t¢). The real-time distance D(¢) at
the time instant ¢ with ¥ € R* can be calculated by

D(1) = k(e1 (1) —(=Q())N(Q(r) — e, (1))
=k Q*(t) — kei(t)
Combined with the distance function D(¢) defined in (31),

the transformation function F(D(¢)) in (30) can be written in
the form

(30)

€1V

_ (20 _ \*
F(D(t)) = [ 1 ( RNI 1) , 0 ; 3@) ; R,
’ t) > K,

(32)

where R, € RT. The error variable e;(¢) is taken to be within
the safe region when D(¢) € (0, R,].

In conjunction with the error transformation (30) and time
delay information (20) and (21) introduced above, the virtual
and actual control laws of the proposed approximation-free
prespecified time control framework are designed in two steps.
In Step I, the candidate Lyapunov function is selected as

1
Vi=-n}
1 2’71
Then, we can obtain Vl = mny. The derivative of the
transformed error variable 7; in (30) can be derived from

(18)-(19), which is given by

(33)

n = xié1 + ¥
= x1(E2— ) + ¥

where yx; and ¥ are defined as

(34)

2L—-1
«L (D
N Z‘_“_(ﬂ—l) d+4,0<Q0) <R,
11

R, F? Ry
A(t)> Ry
(35)
2L—1
KL D(t) >
1//1 — H 733]:2 (Ts - 1) QQelv 0< Q(t) < Rx (36)
0, Qt)> R
. R St
o) = IM(: B Fosisn (37)
O, t >T{
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Meanwhile, the following change of the coordinate is
introduced

m =& —a (38)

where o denotes the virtual control law. The error variable
n1 dynamic in (34) can be rewritten as

m = xi(m+o1—y:) + ¥ (39)
Then, we get
Vi =X1(771772+7710l1—771)"r)+7711/f1 (40)
The virtual control input «; is chosen as follow
o = —%771 — Xiyim — %2771 (41)

where p; is a positive real number.

In Step 2, combining the coordinate change in (38) and the
suspension system (20) with time delay information in (21),
the dynamic of 1, can be calculated as

=& —d
—ECELE - +S uto—a 42)

It can be observed from (4}1) that o is a function with
respect to &1, yr, Vr, Q, and Q. Therefore, it follows that

30[1 80[1 . 30(1 .2 8a1 adl .
oy = —/— + =0+ =<+ P i r 43
B T 7o K R U R
with
| . 2L-2 4
2/:((25— 1)(7—5) ¢

. 0<rt<T,

— 2L—1 =t =5
Q) = H(t- 1) 2,_3), (44)

The designed actual control input u in Step 2 is provided
as follows

2 1 B
0= 8(=pams = B€16200) = xirine = i =

_ ﬂ(%g )2 _ z(%g)z_ﬁ(% --)2
gi\og 2] B \0Q B\ 90

mn (30l1 ) )2 m (30l1 N )2)
_ yr - . yr
Ba \ 9y, Bs \ 0y,

where p, € RT. 13, y, and B;, i =1,2,3,4,5 are the
controller parameters, which are positive real numbers and
defined below. The time delay estimation @(éj 1,€2, 1) can be
computed from (14)-(21). As formulated in (5)-(9), f (&1, &, 1)
only contains the elastic force F, and damping force F; of
the suspension. The nonlinear term f (&, &, ¢) in E(&, &, 1)
is continuous. In conjunction with (6) and Assumption 1, it
can be concluded that g(&;, &, t) and h(&;, &, t) are bounded.
Meanwhile, the designed controller u is continuous. As
detailed in [31], the upper bound of the time delay estimation
error o exists in this case, namely,

(45)

lo] <op (46)
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where o€ R™ is an unknown constant, which is unnecessary
for the controller design. As in (41) and (45), the developed
controller # and virtual control input «; are completely
independent of the actuator fault information and model
information of the suspension system (5).

With the proposed control inputs «; and u, the following
theorem hold.

Theorem 1: For vehicle active suspension system (7)-(9)
with actuator faults (6), the practical prespecified time
stabilization (10) of the suspension system can be achieved
by employing the proposed approximation-free virtual control
input «; in (41) and the fault-tolerant controller u in (45).
In specific,

a) The bionic reference dynamic tracking error e; satisfies

llerll < R, for Ve (0) e R and ¢t > T, @7

where T,€ R is the prespecified settling time, and
R,e R* is the steady-state tracking error constraint. The
convergence time 7, and the steady-state performance
constraint R, are completely independent of controller
parameters and the initial condition of the suspension
system.

b) The closed-loop system is stable and all signals are
bounded.

D. Stability Analysis

The stability of the closed-loop system with prespecified
time convergence property, as detailed in Theorem 1,
is analyzed and proved in this section. The transformed error
variable 7; is bounded by using the time delay estimation-
based approximation-free control scheme in (41) and (45).
Accordingly, the prespecified time convergence property of
the reference dynamics tracking error e; is guaranteed.

Recall that the derivative of the Lyapunov function V;
in Step I, combining the designed virtual control law (41)
and (40), we get

Vi = ximart+ximm—ximy, +myi (43)

Substituting the virtual control law (41) into x;7ni¢;, yields

_ ( L1 ) %2 )
Ximoy = Xam\——m — X1y, — — M
X1 X1

= —puni = xi¥iui — wini (49)
Thus, we can obtain
Vi=—pimi+mvi — xiyim — vin
= Ximyr+ximmn (50)

By applying Young’s inequality, the following inequalities
hold

L oo b
myn < —nivy + — (51)
L 4
) I ,. 2
—ximy, < —xiyvini+ = (52)
%3 4
1 L3
Ximm < ;xfn%n% +5 (53)
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where (1, (», and (3 are positive real numbers. Summing (49)
and the inequalities (51)-(53), we can get

Vi< —Plﬂl - xfyfnf Wl’h ’7%%2
1 1
+4+ xfyfnf+4+ xff§+4
1 Z?— L
< —pini + — xfn%n% + == (54)
The candidate Lyapunov function V; is defined as follows
1,
Vo= 3 (55)

Invoking the derivative of the n, in (42), the dynamic of V,
can be expressed as
Vo=

= mEE1.E2, 1) + mS U+ mo — md; (56)

According to Young’s inequality and the analysis (46) of
the time-delay estimation, we have
VG B

1
o< — —=
2 y’72+ 4

where y >0. Meanwhile, combining the dynamic of virtual
control law o in (43) and Young’s inequality, we can obtain

0oy dory doy - doy . doy ..
—nady < |m| 98, —& + 3QQ QQ+_yr+a_).]ryr
Lo, 'y B, 1 (e > B
S—ﬂ2<£§2) Z—FE%(EQ) +I
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where B; ¢ R*,i =1,2,3,4,5. Thus,
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Hence, the dynamic V2 satisfies

V, < nzu(§1,527f)+y i 2141 L

zi(%) 5 (s0) 5 (550)
+"2(ﬁ1 96.2) ";\909) "5 \50°

9 21 /9 2 ,
( it ) +—($yr) +—)+77251M (59)
:34 a)’r .35 ay; Y

Choosing the following Lyapunov function V in Step 2
V=Vi+V, (60)

Consequently, we obtain from the derivative of V; in (54)
and V, dynamic in (59) that

V=V, +V,
lell

1
< _/01771+ X177 ’7
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Substituting the proposed approximation-free actual control
input u in (45) into (51), it holds that
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As a result, the following holds

. 1 Z? i yol le Bi
VE_PIU1+ X1771772+ 411 4B %
( oy

09

1 Dot : doy =\’
+”2(ﬂ (asl ) ) ( QQ)
e (Gets) L(a“‘ ) oy )t

5 \an ") "B \e5 ) GEURE

~ 1
—mEE¢1,52,1) — ;Xfﬂ%'l%‘f‘ﬂz

(-5 (Ge) -5 (G0) -5 (Ge)
B \og, "’ B2\ 0Q B3\ 20

2.2.2

,02775—

5339

1 (em1 , )2 1 (80{1 ; )2 1)
- \7 ) - —Vr -

ﬁ4 ayr ﬂS aYr Y

3 ) 2 5 )
it l +V‘73+Zz=1 Bi

4 4 4

The dynamic of V in (63) can be rewritten as

V<-GV+E&

where G := min{p;, po} and & = %+
Therefore, the stability [21] of the closed- loop system is
proved. This concludes that the transformed error signals 7;
and 7, in (30) and (38) are bounded, namely,

(63)

< —pini—pams +

)/U;‘ + zle Bi
.

N, Mm € Ly, for Vt >0
This implies that

—0Q(t) < e <Q(1) (64)

Next, proof of (64) is provided. If (64) is violated in time
instant ¢, with ¢, > 0, namely, e (f.) >Q(z,) or e;(t,) < —

Q(z). Define H(r) :=3%, H(t) =1 or H() < —1 holds

in this case. According to the fixed point theorem [32]
of continuous functions, there exist a time instant f, with
tm € (0,t.), such that H(t,) =1 or H(t,) = —1 holds.
Accordingly, from (30) and (31), it concludes that D(¢,,) =0
and n,(t,) = oo. However, by using the proposed control
scheme (41) and (45), n; € L, is proved as detailed above.
Thus, —9(t) < e (t) <Q(t) holds for ¢+ > 0. Because the
initial error e;(0) is finite, and Q(f) = oo when ¢t = 0,
therefore, (64) holds for t = 0. In summary, (64) holds for
t > 0. The proof of Theorem 1 is complete.

By embedding the proposed controller (45), the stability
of the sprung underactuated subsystem, consisting of x; and
Xy, is proved and analyzed above. The suspension system (5)
is a fourth-order nonlinear system that is composed of the
sprung subsystem and the unsprung subsystem. The unsprung
internal subsystem, namely the zero dynamics system [7], [16],
consists of x, and x,. The stability of the zero dynamics
subsystem [7], [16] has been thoroughly analyzed and proved
in the existing results, and the detailed analysis and stability
proof can be found in [7] and [16].

Remark 1: Unlike [8] which switches circuits according
to operating states for reducing energy consumption, bionic
dynamics do not change the hardware structures of suspension
to achieve energy savings in a simple and effective way.
By embedding transformation functions into the developed
controller, the error signal is bounded and converges to
a neighborhood of 0 after a prespecified time. Moreover,
the time delay information allows us to handle actuator
faults, uncertainties, and disturbances without approximation
mechanisms [33]. Meanwhile, the developed control scheme
also can be applied to other electromechanical systems such
as vehicle longitudinal dynamics [34], one-link manipulators,
ship course changing, pendulum systems, etc.

IV. EXPERIMENTS

The experimental results are provided in this section to
illustrate the effectiveness and benefits accomplished by the
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Fig. 3. AS experimental setup.

Road Profile Input (m)

I

IEEE TRANSACTIONS ON AUTOMATION SCIENCE AND ENGINEERING, VOL. 21, NO. 4, OCTOBER 2024

(a) Vertical acceleration #(m/s*)
T T
1r Passive ==m=m= FEAC sresrreeee Proposed
0
AF
i i
0 5 10 15
Time (s)

Vertical acceleration i(m/s?)
T T
‘ ————— Passive

6 8
Frequency (Hz)

Fig. 5. The time-domain and frequency-domain vibration responses of the
sprung mass under SRI.
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Fig. 4. Road inputs.
TABLE I
PARAMETER SETTINGS OF BIONIC REFERENCE DYNAMICS
Parameter Value(Unit) Parameter Value(Unit)
M, 3kg A1 5N -s-m~1
0, %rad A 0.15N - s-m~!
Po 500N - m~—1 wy 0.1m
p1 350N -m~1! Wy 0.2m

developed control scheme. The AS experimental apparatus [7]
is shown in Fig. 3. The displacements and acceleration of
the experimental platform are measured with high-precision
encoders and accelerometer. The computer calculates the
control inputs with Quanser according to the real-time
states via data acquisition equipment through analog-to-digital
conversion. The control inputs are transferred to the motor via
digital-to-analog conversion to control the active suspension.
For comparison purposes, the sinusoidal road input (SRI)
and trapezoidal road input (TRI) [25] plotted in Fig. 4 are
used as road excitations to test the controller performance.
Meanwhile, the finite-time estimator-based adaptive controller
(FEAC) [25] is performed to compare with the proposed
control method. The bionic suspension parameter settings with
g, = 4 are shown in Table I. The actuator faults are set as
¢(t) = 0.76 4+ 0.05 x sin(t) and ¢, = 0.08. The specific
parameter settings of the corresponding controllers are
« Passive: passive suspension.
o« FEAC [25]: The controller parameters are chosen as
k1 =29.9, ks = 30.1, Ao =298, A\; = 1.51, A, = 1.09,
A3 =149, Ay =1.1, Ly =149.9, L, = 20.1, n; = 9.9,
12 = 9.9. The parameter symbols and controller structure
remain the same as [25].
o Proposed: The constructed controller (45) with £ = 2,
3=10,=5x1073y=1,8=1,8,=1, T = 10,
Ry =1x103, Bo=1,B3=1,k =3x10° By=1,

(a) Control input u(N)
4 | | I 1
FEAC
SRR 1A AA AR AR AR AR ARRAREAARAdRR] Proposed
0
-2
-4 L :
0 5 10 15
Time (s)
(b)x 1073 Suspension travel z; — x,(m)
T T
!iiii; Vit ii I TH l!l =|= Passive
oL FEAC

Time (s)

Fig. 6. The control inputs and suspension travels under SRI.

o1 = 3, Bs=1, po = 1 x 10° is used to perform
experiments.

The vertical acceleration responses of the sprung mass mg at
the time domain and the frequency domain under SRI are
plotted in Fig. 5(a) and (b), respectively. It can be observed
from Fig. 5(a) that the proposed prespecified time control
scheme, compared to the passive suspension and FEAC [25],
can effectively isolate vertical vibration even with time-varying
actuator faults, which implies superior reliability and ride
comfort. Meanwhile, from the frequency domain acceleration
responses in Fig. 5(b), the constructed prespecified time
controller achieves similar ride comfort improvement.

The corresponding control inputs and suspension travels
are illustrated in Fig. 6(a) and (b). By employing the
presented prespecified controller, compared with FEAC [25],
better control performance is obtained with smaller control
magnitude. This means that energy consumption is reduced
significantly.

To further evaluate the performance quantitatively, the root
mean square (RMS) [35] of the sprung vibration acceleration
and the energy consumption C, [36] are calculated and
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Fig. 7. Quantitative comparative results under SRI.
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Fig. 8. The vertical acceleration responses of the sprung mass under TRI.

visualized in Fig. 7. The RMS and energy consumption can
be calculated as below

e
— _ T
RMS, = A/o vI(®)v(t)dt

u(t)()'cs — )'cu), if u(t)()'cs —)'cu) >0
0, else

(65)

Ci(t) = (66)
where v(¢) represents the state signal and A is the total
time. xy, x, and u(¢) are defined above. C, (¢) denotes energy
consumption. Compared to the passive suspension, vehicle
vertical vibration is suppressed significantly (RMS; is reduced
by over 95%). Moreover, the comfort performance and energy-
saving characteristics compared to FEAC [25] are further
improved (RMS; is reduced by over 70% and RMSc, is
reduced by over 40%).

To adequately validate the designed controller, the trape-
zoidal road excitation in Fig. 4 is introduced for further
verification. The selected controller parameters and time-
varying actuator faults settings are the same as in the
SRI test scenario. As shown in Fig. 8(a), the sprung
acceleration time-domain responses still can be suppressed by
the developed prespecified time reliable controller under time-
varying actuator faults. Moreover, the corresponding frequency
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(a) Control input u(N)
Time (s)
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Fig. 9. The control inputs and suspension travels under TRI.
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Fig. 10. Transient behaviors of the tracking error e; with SRI and TRI
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Fig. 11. Quantitative comparative results under TRI.

domain responses, both in the low and high-frequency regions,
are reduced considerably as in Fig. 8(b) compared to the
passive suspension and FEAC [25].

The control inputs of FEAC [25] and the developed
controller are provided in Fig. 9(a), while the corresponding
suspension travels are plotted in Fig. 9(b). It is obvious
that both the controller magnitude and the suspension travel
are reduced by using the proposed controller compared to
FEAC [25]. Meanwhile, the transient behaviors of the tracking
error e; under SRI and TRI are shown in Fig. 10. It can
be observed the tracking error e; satisfies the designed
performance constraints, namely e; € (—Q(¢), Q(t)), which is
in agreement with the proof and analysis of Theorem 1.
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Similar to SRI, the RMS (65) of sprung acceleration
and energy consumption (66) are calculated quantitatively
and reported in Fig. 11. The RMS reduction in sprung
acceleration for the proposed control method is over 70% and
50% compared with the passive suspension and FEAC [25],
respectively. Moreover, compared to FEAC [25], the energy
consumption of the proposed controller is reduced by about
40%. By employing the developed control scheme, superior
energy saving is achieved while ride comfort is enhanced.

V. CONCLUSION

In this paper, a prespecified time energy-efficient fault-
tolerant controller is presented. By using the elaborately
designed control structure, the suspension states can converge
to a neighborhood of 0 in a prespecified finite time interval,
which is independent of the controller parameters and initial
states. Actuator faults, external disturbances, and uncertainties,
including model uncertainty and parameter uncertainty, can
be handled elegantly by introducing time delay information.
Meanwhile, the vertical vibration and energy consumption of
AS are suppressed significantly. Experimental results under
SRI and TRI demonstrate that the proposed controller can
achieve excellent ride comfort and energy-saving property.
Specifically, the reduction in RMS; compared to the passive
suspension is more than 70%. Compared to FEAC [25], the
RMS; is reduced by over 50% while energy consumption
RMS¢, is reduced by approximately 40%.

Future work attempts to further address sensor failures
to improve reliability and focus on achieving prespecified
time zero error stabilization to enhance control performance.
By using visual information, trying to combine the advanced
control method with the motion planning [34] layer of
autonomous vehicles [37], including combining path planning
to bypass uneven road excitation to improve ride comfort,
and employing speed planning to optimize the multi-objective
performance, is also an interesting topic.
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