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Abstract: A comparative analysis between two different heuristic suspension control strategies
is presented, the approaches have been designed to control the vertical dynamics of a full size
pick-up truck model equipped with Magneto-Rheological (MR) dampers. The control schemes
to compare are: (1) a global suspension controller and, (2) four independent controllers, one
for each Quarter of Vehicle (QoV) model; both control schemes depend only on measurements.
The main idea is to compare the control performances and the implications that these heuristic
controllers have. Experimental data are used to model an MR damper in each corner. Two
tests have been used to compare the control performances when the vehicle is driven in straight
trajectories: (1) a running test on a road based on the standard ISO 8606 and, (2) a road
that excites the vertical dynamics at different frequencies (Bounce Sine Sweep test). Results
obtained using CarSim™ show that the comfort performance is better when the controller is
well coordinated among the wheel-stations (global suspension controller); the improvement is
33% in the heave motion and 35% in the pitch angle. The QoV-based controller presents un-
coordination that complicates the attenuation of the vehicle body movement; however, the road

holding is improved.
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1. INTRODUCTION

During last years, intelligent suspension systems have
been developed to increase comfort and safety in vehicles.
According to ISO 2631, people could suffer several health
damages due to a constant exposure to vibrations. Thus,
semi-active or active shock absorbers are a good solution
to control the chassis motion and, moreover, to maintain
the road holding.

When the suspension design (chassis, stabilizer bars,
dampers, springs, etc.) is limited by space, the inclusion of
active dampers is more complicated because its external
power supply could demand considerable space. Addi-
tionally, semi-active dampers like the Magneto-Rheological
(MR) ones offer fast time response and wide control band-
width with a low power requirement.

Different methodologies have been used to design intel-
ligent suspension control systems, e.g. the model-based
control techniques by using nonlinear [Yoon et al., 2010,
Poussot-Vassal et al., 2012], robust [Choi et al., 2002,
Wang et al., 2005, Chadli et al., 2010] or optimal control
theory, [Crivellaro, 2009]. When an accurate vehicle model
or an observer/estimator are not available, heuristic con-
trol techniques could offer good results with high feasibility
to be implemented [Ikenaga et al., 2010, Swevers et al.,
2007, Dong et al., 2009]; however, two synchronized levels
of control must be designed to improve comfort. In [Tudén-
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Martinez et al., 2012] a novel model-free control strategy
is proposed. This strategy, named Combinatory quasi-
Optimum Damping (COD) controller, determines the best
solution of damping force of the four semi-active dampers
by using a monitoring module in the suspension system.

This extended version of [Tudén-Martinez et al., 2012
compares the performance of the COD controller, which
includes the coupling joints among the four corners of the
vehicle into the controller design (i.e. one level of control),
versus an heuristic control strategy based on indepen-
dent wheel-stations, named Independent Heuristic Control
(IHC) where each corner has a local controller. The main
idea of this research is to highlight the advantages and
implications of a coordinated global suspension control
system in contrast to the classical QoV-based control
system.

Two scenarios have been used to compare the control
performances: (1) a road profile based on the standard
ISO 8606 and, (2) a road that excites the vertical dynamics
at different frequencies: Bounce Sine Sweep (BSS) test. A
pick-up truck model in CarSim™ is used as Software-in-
the-Loop (SiL) in Matlab/Simulink™.

The paper is organized as follows. Next section presents
the design of the heuristic controller based on the global
suspension system. Section 3 shows the Qo V-based heuris-
tic controller. Results are presented in section 4. Finally,
conclusions are in section 5. Table 1 describes all used
variables.
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Fig. 1. Block diagram of the Combinatory quasi-Optimum Damping (COD) controller.

Table 1. Definition of Variables.

Variable Description
A(Y) Weighting parameter, comfort vs road holding
a; Pre-yield viscous damping coefficient
b; Post-yield viscous damping coefficient
fe Dynamic yield force
fzr Estimated frequency of the road
Fyur MR damper force
I Electric current
ks, kt Spring & wheel stiffness coefficient
Mg, Mays Sprung & unsprung mass in the QoV
Zlq Index to monitor comfort, road holding
X|Farr, COD index
7
Zdef, Zdef Position & velocity of the damper piston
Zr Road profile
Zsy Zus Vertical position of mg, mys
Zsy Zus Vertical velocity of mg, mays
Zs, Zus Vertical acceleration of mg, mays

2. GLOBAL SUSPENSION CONTROL SYSTEM

This kind of control is based on a full suspension system
that involves the kinematics and compliance of the vehicle
chassis, by integrating all related elements (springs, tires,
stabilizer bars, dampers, etc.). The coupling nonlinear
effects are included into the translational and rotational
motions of the center of gravity. In an heuristic suspension
controller, these nonlinearities are considered into the
control law as measurements/estimations, such as: vertical
chassis acceleration, heave displacement, pitch angle and
roll angle.

The COD control strategy design is divided in two sec-
tions: (1) an off-line analysis in the frequency domain of
the suspension system and (2) an on-line algorithm that
computes the best damping combination (among the four
MR dampers) according to the current driving conditions.
Figure 1 shows the interaction between the off and on-line
task [Tudén-Martinez et al., 2012].

The off-line analysis considers the suspension monitor-
ing system, which analyzes the behavior of the vehicle
chassis and wheels in the frequency domain when this is
driven over a straight road profile whose roughness has
enough frequency contents. The main idea is to analyze
the vertical dynamics of the vehicle (acceleration, heave,
roll and pitch for comfort and suspension deflection and
tire deflection for road holding) in all damping combina-~
tions, in order to detect the best damping solution at each
frequency of vibration.

By considering the most important states of a semi-
active damper (low and high damping) [Nell and Steyn,
1998], there exist 16 combinations of actuation for the
four MR dampers in the global suspension system. For
instance, the configuration (0,0,0,0) means that the four
MR dampers have an electric current value of 0 A (low
damping), (1,1,1,1) means that all dampers have 2.5 A
(high damping), (1,1,0,0) means the front dampers are
on (2.5 A) and the rear dampers are off (0 A), and so on.

The analysis of the vertical dynamics with the 16 com-
binations of damping in the frequency domain allows the
determination of the best damping combination for specific
frequency bands. A BSS test at constant vehicle velocity
is a good option to monitor the semi-active suspension
system in the whole range of frequencies of interest in an
automotive application.

Based on the hybrid control strategy of [Ahmadian, 1997],
the COD controller selects the best damping solution ac-
cording to the suspension monitoring system, by weighting
the comfort and road holding control goals as:

X |FMRZ-: Afzr) @ leomp +[L=A(f2)] -2 |rn (1)

where, X |F,,, is a weighting index between the comfort
and road holding in the 4z, damping combination. A(f. )
is the weighting parameter that depends on the excitation
frequency; at low frequencies is desirable to have good
comfort (i.e. for f,, < 4 Hz, A > 0.5) and at high
frequencies it is mandatory to ensure the road holding (i.e.
for f,. >4 Hz, A < 0.5).

The comfort (& |comy) or road holding index (z |,) moni-
tors the semi-active suspension performance in bandwidths
by using the passive suspension system as reference:

1 N Va?“j (MRZ)

T la= N = Var;(passive)

(2)

fz,.

where, a = {comf,rh} and Var; is the frequency response
magnitude/amplitude of the variable of interest during
the test; that is, © |coms is the average index among
the following j variables: roll, pitch, heave and vertical
acceleration (N=4) by including the vertical force coupling
among the four-wheel independent stations; whereas x |1,
is the average among the suspension deflection and tire
compression of the four corners (N=8). M R; refers to the
14, damping combination under analysis and passive refers
to the original suspension system by using a set of passive
dampers. Thus, the quasi-optimum damping combination
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will be the configuration that minimizes the eqn. (1). This
minimum index represents the best possible solution that
improves comfort and ensure the wheel-road contact at
each frequency of excitation when the pick-up truck is
driven in a straight way.

Once the suspension monitoring system defines off-line
the best damping solution for different frequencies band
by using a look-up table, the COD controller dynamically
determines on-line the configuration of the electric current
for each MR damper (I;) that is associated with the
best damping solution according to the current vertical
dynamics (i.e. frequency of motion), where i ={front-left,
front-right, rear-left, rear-right}.

The on-line algorithm is as follows:

(1) Estimation of the frequency of motion by using the
dynamics of a QoV model, by assuming that the road
irregularities are uniform in all wheels.

(2) Selection of low (0 A) or high (2.5 A) damping at
each wheel-station according to the pre-defined look-
up table by the suspension monitoring system.

Figure 2 shows a block diagram to represent the algorithm
that defines the COD controller output.

Define a new FMri

combination
A
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QoV measurements / | Frequency Analysis |

estimations

16 combinations ?

i YES
F
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estimator System
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N

Ii (Controller
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1
1
1
1
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1
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Fig. 2. Algorithm used to define the COD controller
output.

3. QOV-BASED SUSPENSION CONTROL SYSTEM

This approach is similar to the global suspension control
system; however, each wheel-station has an independent
suspension monitoring system, frequency estimator and
controller (IHC). Figure 3 shows a conceptual diagram of
the suspension control system by considering independent
wheel-stations.

In this case the suspension monitoring system analyzes
the frequency response of the sprung mass acceleration
(comfort) and the tire deflection (road holding), i.e. in the
indexes « |coms and « |5, eqn. (2), N = 1. By considering
only two levels of damping (low damping at 0 A or high
damping at 2.5 A) in each MR damper, the minimum

of eqn. (1) represents the best possible solution for this
particular QoV model. Each QoV model uses a robust
observer to estimate the frequency of the road profile.

Z
-]

CarSim

Mechanical Simulation

Zy peak

“Zr peak
0.5Hz 20 Hz

Fig. 3. Block diagram of an Indepndent Heuristic Con-
troller (IHC).

The frequency content of the road irregularities can be
estimated from the variables related to the suspension
motion (2gey = 2s — Zus and Zgef = Zs — Zys); however,
because these variables are not easy to measure, an H,
robust observer is proposed to estimate them, by using a
QoV model given by:

5 01 0 0]fs
. —ks 0 ks 0 .
ol = | ms ms Zs +
Zus 0 0 0 1 Zus
J+ k —ks—k S
Zus =— ( =—=t () Zus
R , Lmays Mas
T ~ A T
0
—1
. 0 Fyr
0 0 Zr
1 k
| oas Tres M (3)
B
L & Zs
Zs | | s 0 e 0 Zs I
Zus o L —hks—k Zus
Mays Mus .
N—~— - Zus
Y c
r—1
t
LMys Maus Zr v2
—_———— N~

D v
where v models the noise in the accelerometers of the
sprung (%) and unsprung masses (Z,s).

An H,, robust observer is designed to be unsensitive to
measurements noise and robust to unknown road profiles.
The weighting functions W,, are used to minimize the
estimation error of the state variables and W, shapes the
road irregularities in the frequency range of interest for
the suspension motion:

431.52+2461i“)ﬁli s+w§1i

_ Kerwsers — i
WZT‘ - Wei’ - 32“1‘2(62' Wez. 5"1“’-’32 (4)
i k3 i

Stwzr

By considering the filtering specifications, the generalized
system P used for the synthesis of the H ., observer is given
by eqn. (5). Figure 4 shows the structure of its design.

t=A-2+B-w
g=Co-x+Dy-w . (5)
z=(r—2)- [W61W62W63We4]

_ | Fur | C | D
Wherew—[Ww.gJ,Cg—{OMJ,DQ—[10]and,

P =
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Table 2. Look-up table of the COD controller.

Specification Bandwidth of control
B1 B2 B3 B4 B5
f=,. [Hz] 0—2 2—4 4—-6 6—16 > 16
Quasi-optimum option (1100) (1111) (0000) (1111) (1100)
Significant Heave & Pitch, suspension deflec- Pitch & | Jounce rear axle, compression | Vertical acc, heave
improvement Vertical acc. | tion & jounce in rear axle heave tire & suspension deflection & susp. deflection

T
] (6)
such that A.,ps and By, reduce the effect of the measure-
ment noise and avoid drifting in the estimated variables
by decreasing asymptomatically the error dynamics, given
by e (=z — ).

= Aobs'i""‘Bobs'[és Zus FMR

The observer is quadratically stable by solving an opti-
mization problem with Linear Matriz Inequalities (LMI)
techniques, [Scherer et al., 1997].

/
A Observer

Fig. 4. H.o observer design in a QoV system.

By using the estimated states of the H., observer, the
road profile can be estimated from the static equation of
the unsprung mass acceleration, as:

ks(Zs = Zus) + keZus — Furr) -k b (7)
where F)jsr is measured or modeled.

According to the ISO 8608, a road profile satisfies a
sinusoidal wave whose frequency depends on the vehicle
velocity and road quality. Thus, by assuming an harmonic
motion in z,, this unknown input could be given in a time
instant by:

Z = [muséus -

(8)
where there is no feasible prior information of w, which
depends on: the road surface, tire dynamics and vehicle
velocity. By using the effective Root Mean Square (RMS)
value to sum two or more sinusoidal waveforms, the road
profile frequency fz can be estimated by the RMS values
of the position and velocity of the road as:

4.~ R-sin(w-t) Z.~w-R-cos(w-t)

9)

fzm = Zrams/ (27T Zrpys) [H2]
or in discrete RMS values of Z,,,,s and z,,,,4:

F_ (221 +Z§2 + +22,L)
o Wl ) A

where, n is the number of samples of a time window that
guarantees at least 2 cycles of the estimated frequency.

(10)

By defining a look-up table in each QoV station, each IHC
determines on-line the configuration of electric current in
the MR damper that is associated to the best damping so-
lution for the corresponding corner. The on-line algorithm
to define the electric current in each corner is:

(1) Estimation of the state variables of the QoV model
by using an H., observer.
(2) Estimation of the road profile by using eqn. (7).

(3) Estimation of the frequency of motion in each QoV
eqn. (10)

(4) Selection of low (0 A) or high (2.5 A) damping by
using the pre-defined look-up table.

Experimental data obtained by a K & C test over a
commercial pick-up truck have been used to model the
vertical dynamics of the vehicle in CarSim™. The K.,
weight is 2,011 Kg, the rear unsprung mass is 280 K¢ and
the front one is 163 Kg. In a front QoV system the sprung
mass is 630 K¢ while for the rear is 387 Kg. The spring
stiffness in each corner is non-linear; while the tire stiffness
is considered constant: 230 N/mm.

The vehicle model is used as SiL in the Matlab/Simulink ™™
platform. The experimental MR damper model, used in
each corner, has been characterized according to the
methodology described in [Lozoya-Santos et al., 2012] by
using the parametric model proposed in [Guo et al., 2006]:

Fyr = If.tanh (al,édef + agzdef) + blédef + bgzdef (11)
whose identified parameters are: f. = 951.50, a; = 21.38,
as = 14.82, by = 4,630.20 and by = —3, 948.60.

4. SIMULATION RESULTS

A BSS test at 30 Km/h has been used to analyze the
vertical dynamics between 0-15 Hz, the road elevation is
decreased from 0.1 to 0.01 m. By using the suspension
monitoring system, the look-up Table 2 shows the best
damping solution in five frequency bands and highlights
the variables with the best improvement when the COD
controller is implemented.

For the THC, the same BSS test is used to analyze the
frequency response of each QoV model. After a frequency
analysis of the variables of interest when I = 0 and 2.5 A
the look-up Table 3 summarizes the best electric current
profile for comfort and road holding, by using 4 frequency
bands.

Table 3. Look-up table for the THC.

Front QoV
fl=lHz | 0-25 25-45 4.5-12 12-20
I[=]A 2.5 0 2.5 0
Rear QoV
f=Hz | 02 26 6-14  14-20
I[=]A 2.5 0 2.5 0

Simulation results (Test 1 and 2) in the time domain are
presented to compare the control performances of both
approaches.

4.1 Test 1: Standard road ISO 8606 type F at 100 Km/h

Plots in Fig. 5 show the transient response of both sus-
pension control systems respect to the baseline suspen-
sion system; the benefits of a semi-active suspension in
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the vertical dynamics are clear. The road elevation that
represents a standard road profile type F according to the
ISO 8606 (poor quality) is shown in Fig. 5A. For comfort,
the two control systems reduce the pitch angle up to 3
degrees, Fig. 5B; the vertical acceleration up to 5 g’s, Fig.
5C; the vertical displacement up to 0.3 m , Fig. 5D; and
the roll angle up to 1.5 degrees, Fig. 5E. For road holding,
the jounce motion of the rear solid axle is reduced up to
100 mm with the suspension controllers, Fig. 5F; the tire
compression (front-left) up to 200 mm of displacement,
Fig. 5G; and the damper compression (front-left) up to 100
mm at different time instants (similar results are obtained
in a rear damper). Both controllers can manage the trade-
off between comfort and road holding.
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Fig. 5. Performance of the suspension control systems in
a ISO road test; passive system (black dashed line),
Global controller: COD (green continuous line) and
QoV-based control: IHC' (blue dashed line).

4.2 Test 2: BSS test (amplitude: 0.1 to 0.01 m) at 30
Km/h

This road test allows the analysis of the vertical dynamics
at different excitation frequencies, Fig. 6A. The compari-
son of the control performances between the suspension
control systems shows that, the motion of the vehicle
body (Fig. 6B-D) is lower with the global suspension
controller, specially between 7 and 17 s when the frequency
of motion is between 2 and 3 Hz. It is important to note
that the absence of coordination between the independent
controllers causes an insufficient comfort performance; e.g.
the roll angle is significantly increased due to this absence
of coordination.

Figure 6E shows that the road holding is higher when
the suspension controller is QoV-based, e.g. the jounce
motion of the rear solid axle, which is directly related to
the vertical motion of the rear wheels, it is significantly
reduced with the THC approach. Therefore, the QoV-
based control system is more sensitive to vibrations of the
unsprung mass.
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Fig. 6. Suspension control systems performance in the BSS
test. Global controller: COD (green continuous line)

and QoV-based control: THC (blue dashed line).
The RMS value of the variables of interest is used as

performance index to quantify the control performances
of both suspension control systems with respect to the
passive system, according to:

_ RMSController (12)

RMSPassive

where, p monitors the improvement degree of the suspen-
sion control system during the test, it is desirable for p to
tend to 0.

Table 4 shows that the global suspension control system
has better comfort performance for both simulation tests,
i.e. the semi-active suspension control is well coordinated
by including all mechanical joints between the wheel-
stations. For instance, the roll angle is improved up to
70% with respect to the passive suspension system, the
pitch angle 35% and the vertical displacement 33%.

For road holding, the QoV-based controller shows bet-
ter performance. The major improvement is observed in
the suspension deflection, i.e. lower compression in the
dampers (reduction up to 44%) and smaller jounce in the
rear solid axle (reduction around 43%).

From the practical point of view, the QoV-based control
system needs at least eight acceleration sensors and four
microcontrollers to be implemented; while, the global sus-
pension control system needs 4 sensors (3 accelerometers
and 1 gyroscope multi-axle) and one microcontroller, i.e.
less instrumentation. The main limitation of both con-
trollers is the sampling frequency, the sampling time must
ensure the collection of the necessary data to reconstruct
2 periods of signals of interest in order to estimate the
frequency of motion.
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Table 4. Control Performances in the (ISO road, BSS) tests respect to the passive system

Comfort performance
Susp Control Sys Heave Roll Pitch Vert Acceleration
QoV-based {0.74, 0.97} {0.40, 1.22} {0.76, 0.95} {0.95, 1.00}
Global {0.67, 0.97} {0.30, 0.66} { 0.65, 0.95} {0.98, 0.98}
Road holding performance
Suspension Damper Compression  Damper Compression Tire Compression Tire Compression Jounce rear
Control System front QoV rear QoV front QoV rear QoV solid axle
QoV-based {0.58, 0.68} {0.56, 0.98} {0.69, 1.00} {1.00, 1.00} {0.57, 0.92}
Global {0.69, 0.76} {0.76, 0.92} {0.67, 1.00} {1.00, 1.00} {0.77, 0.98}

The synchronization of the control laws for the different
goals and optimization of the frequency estimator algo-
rithm are part of the future work.

5. CONCLUSIONS

A comparison between two heuristic control schemes for
a semi-active suspension system has been presented: (1)
a global suspension control system that includes the cou-
pling among the four vertical forces and (2) a suspension
system composed by 4 independent controllers, one for
each Quarter of Vehicle (QoV) model. Both controllers
use a monitoring system of the vertical dynamics to es-
tablish a static control law for comfort and road holding.
The comparison was carried on a pick-up truck model in
CarSim™ | equipped with magneto-rheological dampers
modeled from experimental data.

The objective is to highlight the advantages and implica-
tions of a global suspension controller that coordinates the
four vertical forces in contrast to the classical QoV-based
controller.

Two different running tests on the road have been used
to compare the control performances when the vehicle is
driven in straight trajectories.

Simulation results show that both control strategies man-
age the trade-off between comfort and road holding in
comparison to a passive suspension system. In general,
when the suspension control system includes the load
transfer coordination between the corners, the comfort
performance is greater, e.g. the vertical chassis displace-
ment is reduced 33% and the pitch motion 35%. However,
the QoV-based controller is more sensitive to the unsprung
mass motions, and thus it shows a major reduction on
road holding, e.g. the jounce in the rear solid axle is
improved up to 43%. In this case, both control designs have
similar complexity because both depend on measurements;
but, more instruments are needed when 4 independent
controllers are used.
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