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Abstract

This article proposes a new adaptive control algorithm for active suspension systems of passenger cars. It combines a
proportional-integral—derivative controller for suspension deflection together with a sliding mode reference condition-
ing outer loop that uses the vertical acceleration of the car body as a complementary source of control. The proposed
approach is software-based and allows setting up limit values to critical variables, such as the vertical acceleration, which
can be directly tuned by the system designer to range from the original proportional-integral—derivative response to
other ones with tighter control on the constrained variable. A longitudinal half-car system subject to irregular excitation
from a road surface is used for assessment. The proposed proportional-integral-derivative with sliding mode reference
conditioning is compared to the same proportional-integral—derivative controller without the outer conditioning loop,
as well as with a passive suspension system. International standards on overall vibration magnitudes are used to quantify
the differences obtained in this assessment. Results obtained from the proposed control system show better perfor-
mance and handle trade-offs, improving the ride comfort without adversely affecting the road holding of the car.
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Introduction suspension force generation such as a pneumatic or
hydraulic actuator that is placed between the car body
(CB) and wheel-axle parallel to the suspension ele-
ments."** Although active suspensions are able to both
add and dissipate energy from the system, there are still
conflicts in the requirements design. Enhancing ride
comfort with a firm uninterrupted contact of the wheels
to road without producing a large dynamic tire load in
order to avoid exceeding suspension deflection is a big
challenge. This stands as a compromise between car
safety and ride comfort. Moreover, the overall perfor-
mance of the active suspension system is affected by
inherent suspension movements.” Therefore, achieving
good related trade-offs is the basis for successfully
designing an active suspension control system.

Car suspension systems is an important research topic
with significant developments in the last decades as
they play an important role for improving ride comfort,
road holding, and performance characteristics of a
car.! Suspension systems can be classified as passive,
semi-active, and active according to the tuning possibi-
lities that their components offer. Passive suspension
systems are still the most used alternative but they are
limited in improving ride comfort, road holding or sus-
pension deflection as the compromise of these criteria
with each other is highly conflicting, which demands
variable spring and damper characteristics.” Semi-
active suspension systems implement variable damping
characteristics representing a considerable improve-
ment over passive suspension systems. They can be
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absorbing energy, but they cannot inject energy to the 2Universidad Nacional de La Plata, La Plata, Argentina
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In order to overcome suspension system trade-offs
and performance limitations, some active suspension
control approaches have been proposed. Linear quad-
ratic regulator,’ backstepping control, > and fuzzy con-
trol” '° are some of the most recurrent techniques
applied in this field. Moreover, intelligent methodolo-
gies based on neural networks and genetic algorithms,'
as well as robust controllers,'! H. control,!>'* and
other control strategies'>!” have also been developed
with good performance results. However, classical pro-
portional-integral-derivative (PID) controllers have
also been considered in different works,'®!'” some of
them implementing iterative learning algorithms to
obtain optimum PID controller parameters.*

In recent years, a new control strategy named sliding
mode reference conditioning (SMRC) has been devel-
oped and applied successfully to constrained dynamical
systems in several control problems such as pitch con-
trol in wind turbines,?' robot path tracking®” or artifi-
cial pancreas,” among others. This method follows the
two-step approximation to constrained control provid-
ing a rigorous methodology design with robustness
against disturbances, implementing the variable struc-
ture systems theory through a transient sliding regime
to satisfy system constraints.>*

Some approaches for active suspension systems con-
sidering conventional sliding mode (SM) control as in
the study of Sam and Osman®® or in Zhao et al.>® can
be found commonly in the literature. Recently, Wang
et al.?’ proposed a super-twisting algorithm (STA)
based finite-time SM tracking control scheme, which is
a novel extended super-twisting disturbance observer
for compensating the uncertainties. In contrast, in our
proposal, SMs are not established within the main con-
trol loop but in an external software-based loop. In this
manner, an outer control loop is added to the main
closed-loop controller so as to impose constraints on
the CB vertical acceleration. As can be found in previ-
ous implementations,?' > the main controller can be of
any nature.

In this article, a new control strategy for active sus-
pension systems using a PID controller as the principal
control for suspension deflection and the CB vertical
acceleration as the complementary source of control
for the SMRC algorithm is proposed. The suspension
system model is modeled by a longitudinal half-car sys-
tem with 4 degrees of freedom (DOF), which is evalu-
ated with a bump excitation from a road surface.
Performance exhibited by this active control system is
compared to its counterpart without the auxiliary
SMRC algorithm, as well as with the passive suspen-
sion system. International standards on overall vibra-
tion magnitudes are used to quantify the differences
obtained in this assessment.

This article is organized as follows. A half-car
suspension model used for controller design and
assessment of active suspension systems is formulated
in section “Half-car suspension model.” Section
“Performance specifications” presents the performance
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Figure |. Half-car model with active suspension system.

specifications considered as trade-offs in this problem.”
The controller design and the basis of the SMRC strat-
egy are given in section “Controller design.” Results
and discussion are presented in section “Results and
discussion” and the article conclusion in section
“Conclusion.”

Half-car suspension model

Figure 1 shows the model of a half-car suspension rep-
resented as a linear 4-DOF system. It is composed of a
single sprung mass (CB) linked to two unsprung masses
(front/rear wheels). Passive suspensions are modeled as
linear viscous dampers and spring elements, while the
compressibility of wheels pneumatic is modeled as
springs without damping dynamics. In addition to pas-
sive suspensions, servo-hydraulic actuators are consid-
ered between the sprung and unsprung masses to
provide active forces.

Assuming a pitch angle 6,(¢) (i.e. the rotary angle of
the CB at the center of gravity) small enough, from
Figure 1, results evident that the displacements of the
sprung mass can be considered as

xxl(t) = x‘v(t) + lisinBy(1) ~ x4(1) + 10,(7)

X(1) = x5(2) — Lsindy(t) = x,(t) — L0(7) (1)

where x,;(¢) and x(¢) are the vertical displacements of
the CB at the front/rear suspension locations, /; and /,
are the lengths of the front/rear suspension locations
respect to to the center of gravity of the CB (/; + I, =)
and x4(¢) is the displacement of the center of mass. The
equations of motion for the CB and the front/rear
wheels for the half-car suspension model are given by

myXs(t) + kg [x0 () — x,1(0)] + o [X1(2) — X1 ()] +
ksz[xsz(t) — Xuz(l)] + 03.2[).652([) — Xuz(l)] =
Far(2) + Fa(0)

(2)
TyBy(1) — kg [xa (D) — X ()] — heg [ (1) — X (1) +
bk [xo(t) — x2(0)] + heplXo(l) — Xip] =
LhFq (1) — LhFap(?)

(3)
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muljéul(t) - ksl [xsl(t) - xul(l)} — Cs1 [x.s‘l(t) - xul(t)] +
ktl [xul(l) - xrl(l)] = - al(l)

(4)
mquéuZ(t) - kSZ [st(l) - qu(Z)} — C2 [X.VQ(I) - qu(t)] +
kolxo(t) = x2(0)] = — Fa(?)

(5)

and the constraints are given by'?
(1) = b (1) Jlr Lixp(1) )
_ X1 (1) — x0(1)

0,(t) = — (7)

where m; is the CB mass, Iy is the pitch moment of iner-
tia respect to the center of mass, and subindex i valued
as 1 or 2 to indicate the front or rear side, respectively;
my; 1s the unsprung mass on the front/rear wheel, x,(?)
is the front/rear unsprung mass vertical displacement,
x,i(?) is the front/rear road surface displacement, ky; is
the spring stiffness of the front/rear suspension, k; is
the front/rear tire stiffness, and ¢y is the damping coef-
ficient of the front/rear suspension. Similarly, F,(¢) is
the front/rear actuator force input.
Equations (2)—(5) can be rewritten as

MX(1) + Cx + KX(1) = Px,(1) + LF,(1) (8)

where the state, excitation vectors, and active control
are, respectively, given by

x() = [%51(8), X1 (1), x2(0), X0 (D],
Xr([) = [xrl([)sx)‘Z(l)]Ts (9)
Fu(t) = [Fu (1), Fa()]"

and M, C, K, P, and L are, respectively, denoted as

Lmg/l 0  Iimg/l 0
L/l 0 —Ijl 0
- 0 my| 0 0
0 0 0 my,n
e —ea o -
c_ hest —hea —hen  hegp (10)
—51 Cs1 0 0
| 0 0 —Cg Cs2
kg —ky ko —kp
s hksg — —hkg  —hko bk
—kg kg t+ kn 0 0
0 0 —kyo kot ko

225
0 O
0 o0
P =
k,] 0
L 0 kp
M1 1
L =l
L= 1 2
-1 0
L 0 -1

Finally, the dynamics of the servo-hydraulic actua-
tor is modeled here as G,i(s) = 1/(1/75s + 1),'"" whose
input is F,(f) and the active force to the system as
output.

Performance specifications

The following specifications are considered in order to
keep real constraints for the system:'%1%15:18.28

1. Disturbance rejection—the active suspension con-
troller should maintain the steady-state error close
to zero;

2. The maximum suspension deflection is limited to
physical values in order to avoid damaging car
components and prevent deterioration of passen-
ger ride comfort. Therefore, the suspension system
must not exceed the limit given as

(11)

‘yi(t)| = Zmax

where i € (1,2), yi(t) = x4(t) — x,:(t), and z4y 1S
set to £10cm, under any road disturbance input
and car running conditions.

3. The maximum actuator force must not exceed the
static weight of the car

Fu(t) < mgg

(12)

where g is the gravity acceleration corresponding
to0 9.81 m/s2.

4. A good road holding is achieved when the dynamic
tire load transmitted through the road (F;) not

exceed the static tire load, F}/“, that is

Fii(t) < Fi (13)
where
Fii(1) = kyi(xui(t) — x,i(1)) (14)
and
= llm_illb + mui:| (15)

5. The root mean square (RMS) values of perfor-
mance parameters given by ¢z, Will be used to
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enable detailed performance comparison of the
active versus passive suspension system

T
1
PrMS = ?prz ~dt (16)
0
where
@ = i), Fu(0), %,(0), 6,(2), Fui(0)]" (17)

6. The ride comfort is assessed from the CB vertical
acceleration, which needs to be minimal for good
ride comfort within the low-frequency band of 0.1—
10Hz. The frequency-weighted RMS acceleration
described on ISO 2631-1:1997 is the basis for evalua-
tion of car ride comfort.? In this work, the active
suspension system model does not include car seats
and therefore W}, the ISO 2631-1:1997 frequency
weighting for acceleration input at the feet, is used.

A fifth-order approximation of Wy is expressed in
the study of Zuo and Nayfeh® as

Wi(s) = (87.72s* + 1138s® + 113365s°
+ 54535 4+ 5509) X (s° + 92.6854s
+ 2549.83s + 259695 + 81057s + 79783) !
(18)

RMS

w ’

from which the weighted RMS acceleration, a
is given by

RMS _

aM

(19)

T

1

1| -
0

A vibration-induced discomfort scale for various
values of a®MS, given by the ISO 2631-1:1997,% is
presented in Table 1.

Controller design
SMRC

The concept of reference conditioning to achieve a rea-
lizable reference arises in the context of constrained

Table I. Magnitudes of overall vibration according to ISO
2631-1:1997.

Frequency-weighted
vibration magnitude (RMS)

Likely reaction in
public transport

Less than 0.315m/s?
0.315-0.63 m/s>

Not uncomfortable
A little uncomfortable

0.5-1 m/s* Fairly uncomfortable
0.8—1.6 m/s* Uncomfortable
1.25-2.5 m/s* Very uncomfortable

Greater than 2 m/s? Extremely uncomfortable

RMS: root mean square.

control systems. Specifically, Garelli et al.>* have used

the SMRC strategy in a robust way to get realizable
references in several applications considering restric-
tions in the actuator, in the outputs, or in any system
state.”" %

Constraints are fulfilled in SMRC schemes varying
the reference of the control system through an external
sliding control loop instead of representing the main
control loop. Unlike conventional variable structure
controllers and SMs, the SMRC is considered as a
transitional mode of operation, which means that only
works when constraints are prone to be surpassed.

A generic version of the SMRC loop is illustrated in
Figure 2. Two clements govern its performance: a
switching design to fulfill the constraints forcing the
system to remain in the allowed region and a filter F
designed to smooth out the switching output w(?),
obtaining w/(f) in order to get a realizable conditioned
set-point rq(f), that is, r(f) = w/(t) + r. In this scheme,
a main control loop of any nature is represented by the
block ®, which originally implements r as set-point.
The system outputs y(f) and w(f) represent the main
controlled variable and the variable to be bounded,
respectively, where v*(¢) is the bound imposed to the

system.
The switching logic is implemented as
_Jot ifogu(H)>0
w(f) { 0 ifosy()=<0 (20)
where

/-1
asu(t) = v(H) = v’ () + (@0 =v(?) @2
i=1

with / being the relative degree between the output v(¢)
and the input w(?). v(7)) and v*(l)(i) are the ith deriva-
tive of v(¢) and v*(¢), respectively. 7; are constant gains
and o™ is the w(f) upper value. The filter F is imple-
mented as the first-order filter wA?) = — a(wdf) — w(?))
with a a design parameter.®’ The parameter @ must be
fast enough with respect to the dynamics of the original
system so as not to affect the tracking of the reference
signal r, but not too fast in order to smooth as much as
possible the discontinuous action of @™ and ™. In gen-
eral, it can be taken 10 times faster than the main sys-
tem dynamics. If further adjustments of a were desired,

£ |«

OsSM

Figure 2. Block diagram of an SMRC loop.
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Table 2. PID controller gain values (N/m) for suspension travel and SMRC parameters values.
ke ki kpi kp2 kiz kp2 Xs (m/s?) Xs (m/s?) a(s™) " (m) o™ (m)
9450 550 3000 4050 250 2500 1.2 —1.2 1/0.2 =1 I
they would have to be done along with amplitude of wy
so as not to affect the domain of SM existence.** o [“omre e
Note that according to the definition of the switching L) %02

function in equation (21) and from the transversality ® Xst

o, o . . . i
condltlon,24 the conditioning surface osy () has relative SetPointy, 2 ap Passive | 41
degree unitary with respect to w(f) (its first derivative - - S pamn v
explicitly depends on w(¢)), which guarantees the SM SetPointyz .
establishment.

SMRC adapted for ride comfort

In this study, the SMRC algorithm is applied on active
suspension systems to improve the passenger ride com-
fort, which implies that the CB vertical acceleration
(¥,(7)) must be attenuated in the face of road distur-
bances, see section “Performance specifications.”
Hence, upper and lower limits in the maximum positive
and negative vertical accelerations have to be set. This
consideration leads to adapt equation (20), defining the
switching logic as

wt if asy(t)>0
o(t) =< 0 ifog((H) <0
0 in othercase

(22)

where o5y (f) and oy, (f) correspond to the SMs-
bounded surfaces related to the upper and lower limits
of the vertical acceleration, respectively. According to
equations (8), (20), and (21), X,(¢) = f(F,(¢)) and
F.(t) = flwy); therefore, the relative degree between the
output X,(¢) and the input w(¢) is zero. Considering that
the first-order filter provides a relative degree unitary
(I = 1), the bounded surface in each case is defined as

Tsu(t) = X5(1) — %,

asu(t) = X5(1) — X, (23)

where ¥, and ¥, are the upper and lower limits of the
vertical acceleration, respectively.

Controller architecture

The controller architecture is composed of a main con-
trol loop at each side (front/rear) of the half-car model
in order to regulate the suspension deflection y; and an
external loop with the SMRC algorithm to adapt the
force demanded by the controller and avoid surpassing
the upper X, and lower Xy limits of the CB vertical accel-
eration. In both main control loops, the set-points are
set to zero. Figure 3 shows this controller architecture.
The PID control algorithm reacts to the corresponding
suspension deflection error, and the SMRC smoothed
output, wy, is derived to each front and rear suspension

Figure 3. PID control architecture with SMRC for active
suspension system.

loop through the reference of the proportional compo-
nent of each PID. Table 2 presents the PID controller
gains and the SMRC parameters values used. These
gains were based on applying the Ziegler—Nichols PID
controller gains tuning method and on the achievement
of results with acceptable performance, while for the
SMRC filter, a faster behavior than the suspension sys-
tem dynamics was considered.

Results and discussion

In this work, a typical bump is used to evaluate the sys-
tem response to disturbance. This road surface is mod-
eled as

2
_ (1= cos Vol , I<si<1+ 2
Xl = 2 A Yo

0, otherwise

(24)

where @ and A are the height and the length of the
bump, respectively, and vy is the car forward velocity.
The road condition for the rear wheel x,, is assumed to
be the same as the front wheel but with a time delay of
(ly + L)/vo. This sinusoidal bump profile is illustrated
in Figure 4.

The numerical values for the model parameters are
based on the study of Ekoru and Pedro'® and are
showed in Table 3.

Two active suspension control systems were evalu-
ated, the PID and the PID + SMRC algorithm, and
compared with respect to the uncontrolled case
(passive).

Figures 5-7 show the passive and active sprung mass
vertical acceleration and displacement; the front and
rear suspension deflection, unsprung displacement; and
control input and dynamic tire obtained, respectively,
from the bump test response. Figure 8 shows the
SMRC output performed in this test. Table 4 presents
the RMS values of the performance variables defined
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Figure 4. Bump disturbance.
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Figure 5. Sprung mass vertical acceleration (top) and displacement (bottom).

Table 3. Parameters of the half-car model suspension system.

Parameters Value

Sprung mass, m; 580 kg
Moment of inertia, Iy 1100 kg.m?
Front/rear unsprung mass, m,| /my, 40 kg
Front/rear spring stiffness, kg /ks 2.35%10*N/m
Front/rear damping coefficient, ¢ /¢ 1500/1600 N /m
Front/rear tire stiffness, ky /kp 1.90X10°N/m
Front/rear distance, I, /h [/1.5m

Bump height, a 0.08 m
Wavelength, A 9.1m

Car speed, vg 12.5m

in section “Performance specifications,” while Table 5
presents the weighted RMS acceleration and the corre-
sponding discomfort level obtained.

Results show that all performance specifications
considered in section “Performance specifications” are
completely fulfilled wusing the PID + SMRC

algorithm. Particularly, low frequency of the bump dis-
turbance are more attenuated respect to the PID with-
out SMRC (Figure 5). Results presented in Table 5
show that ISO 2631-1:1997 discomfort level obtained
with the PID + SMRC algorithm is at the lowest level
of the scale introduced in Table 1. This discomfort level
(measured relative to a®MS) is 54.3% and 44.4% less
respect to uncontrolled and PID control, respectively.
However, according to Table 4, the PID + SMRC
strategy needs approximately 49.8% more force in
average than the PID control. In terms of cost—benefit,
this implies that an improved ride comfort demands a
greater amount of energy. In the PID + SMRC con-
trol algorithm, it is mainly related to the upper and
lower limits used in the CB vertical acceleration; a more
restricted value for these limits will lead the system to
require a higher energy expenditure.

All suspension systems (active and passive) fulfill the
maximum suspension deflection constraint (10cm) for
both the front and rear sides, see Figure 6. However,
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Figure 6. Front and rear suspension deflection (top) and unsprung displacement (bottom).

Table 4. RMS values of the performance metrics from passive and active suspension systems.

yi1(m) y2(m) Fu(N) Fa(N) ¥(m/s?) 0s(rad/s?) Far(N) Faa(N)
Uncontrolled 0.0193 0.0097 520.45 285.29 1.0838 0.5216 - -
PID 0.0093 0.0055 561.44 299.99 0.8638 07128 286.79 133.15
PID + SMRC 0.0230 0.0154 348.05 361.51 0.4568 0.6894 570.89 265.80

PID: proportional-integral—-derivative; SMRC: sliding mode reference conditioning.

Table 5. Weighted RMS acceleration and corresponding
discomfort level of passive and active suspension systems.

atMS(m/s?) ISO 2631-1 discomfort level
Uncontrolled 0.5251 Fairly uncomfortable
PID 0.4323 A little uncomfortable
PID + SMRC 0.2401 Not uncomfortable

PID: proportional-integral—derivative; SMRC: sliding mode reference
conditioning.

unlike the PID, the PID + SMRC algorithm is closer
to this limit. Limit values used for the sprung mass ver-
tical acceleration (=1.2m/s?) were selected to reduce
the acceleration variation of the uncontrolled case.
Figure 5 shows the vertical acceleration of the sprung
mass, where limits used in the SMRC are marked as
horizontal dashed lines. It is observed that between 1.1
and 1.72s vertical acceleration restriction is performed
by the SMRC algorithm three times. However, other
limit values can be used considering that lower limits
imply greater system forces and consequently, a greater
energy demanded. Lower limits may also imply to not
fulfill the maximum suspension deflection, and it could
push to exceed the static tire load in detriment of a

good road holding. However, the limit could be relaxed
as desired by the system designer, and the closed-loop
response and energy requirement would tend to be the
one of the PID controllers (without the SMRC loop).

Both PID and PID + SMRC algorithms show a
good road holding since the dynamic tire load did not
exceed the static tire load (F5/“') in any case. According
to equation (13) and model parameters of Table 3, the
static tire load values for the front and rear are 2666
and 3803 N, respectively, while the maximum dynamic
tire load obtained from the PID + SMRC algorithm
were 1568 and 1363 N, respectively. Moreover, the
dynamic tire load from the PID + SMRC algorithm is
less than exhibited by the PID control (Figure 7).

The SMRC output performance shown in Figure 8
presents three events where the acceleration limits are
prone to be exceeded: two for the upper limit (v ™) and
one for the lower limit (w™). This smoothed switching
behavior of the SMRC algorithm was designed to mod-
ify the force demanded through the proportional term
of the PID algorithm. Alternative paths of the SMRC
algorithm to modify the PID output were tested but no
improvements were achieved.

Unlike many papers that compare the performance
of an advanced control strategy regards to a classical
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Figure 7. Dynamic tire load (top) from all suspension systems, and front and rear control inputs (bottom) performed by the PID

and PID + SMRC control algorithms.
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Figure 8. SMRC smoothed output (wf) performed for the bump disturbance, and resulting individual * (middle) and @™ (bottom)
signals for upper and lower limits of the sprung vertical acceleration.

Table 6. RMS values of the performance metrics from the PID + SMRC control using PID gains variations of Nominal + 30% and

Nominal — 30%.

PID gains yi(m) y2(m) Fi (N) Fo(N) Xs(m/s2) és(rad/sz) Fai (N) Faa(N) a&MS(m/sz)
Nominal + 30% 0.0225 0.0149 355.53 366.34 0.4501 0.6996 571.56 279.77 0.2387
Nominal — 30% 0.0236 0.0161 337.30 355.69 0.4704 0.6745 568.73 250.87 0.2443

PID algorithm and whose improved results are subject
to a particular tuning of the PID, here we have com-
pared our strategy respect to the original PID

implementing the same tunning. This means that if the
PID was poorly tuned, the performance of our pro-
posal would be limited in the same way. However, an
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outperformance was achieved in our active suspension
control proposal improving the main controller used.
In this regard, Table 6 shows the performance metrics
obtained from the PID + SMRC control algorithm
using PID gains variations of nominal + 30% and
nominal — 30% values, which could represent an
important source of uncertainty. It can be seen that the
resulting performance is not affected by this PID gain
variation, obtaining a discomfort level of “Not uncom-
fortable” according to the ISO 2631-1.

Conclusion

In this article, the SMRC control strategy was imple-
mented on a PID control algorithm to improve the ride
comfort experienced aboard a car. The external loop
integrated by the SMRC algorithm allows reducing the
level of discomfort likely reaction in 54.3% and 44.4%
respect to the uncontrolled and PID cases, respectively.
This improvement has been validated on a typical
bump test, where the level of discomfort, according to
ISO 2631-1:1997 assessment, is considered as not
uncomfortable for the PID + SMRC, while fairly and
little uncomfortable for the uncontrolled and the PID
without SMRC cases, respectively. This improved per-
formance does not affect the car safety since the
PID + SMRC algorithm achieves good road holding
evidenced by a lower dynamic tire load compared to
the original PID control.
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