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Vehicle Suspension Relative Velocity Estimation
Using a Single 6-D IMU Sensor

Kicheol Jeong and Seibum B. Choi

Abstract—This paper proposed a method for estimating the sus-
pension relative velocity using a single six-dimensional measure-
ment unit attached to a vehicle body. This method can reduce the
number of sensors, reduce costs, and address sensor packaging is-
sues. A wheelbase preview assumption is used to overcome the lack
of unsprung mass information. The proposed estimation method
is verified by the vehicle simulator Carsim and the stability of the
estimation method is also analyzed. In addition, the frequency re-
sponse and the time response of the sky-hook controller based on
the estimated relative velocity are compared with the sky-hook con-
troller based on the actual relative velocity. The results show that
the proposed estimator produces very robust performance on var-
ious road conditions.

Index Terms—Suspension relative velocity, wheelbase preview,
6-D IMU, neutral type delay system.

1. INTRODUCTION

USPENSION systems are the main components of a vehi-

cle that determine ride comfort and handling performance.
Since passive suspension has unchanged damping characteris-
tics, it is difficult to satisfy both handling and riding comfort,
which conflict with each other [1]. To solve this problem, active
and semi-active suspensions [2], [3] that change damping char-
acteristics according to vehicle conditions have been proposed
over the past three decades. In particular, semi-active suspen-
sion is used more extensively than active suspension in order
to address energy and packaging issues. Thus far, various types
of control strategies [4]-[9] have been developed to improve
the performance of semi-active suspensions. However, in most
semi-active suspension control studies, it is assumed that the
state of the suspension is known. For example, the sky-hook
control [7], [10], [11], which is widely used in practical appli-
cations, requires the suspension relative velocity to determine
the damping command. The suspension relative velocity is thus
essential information in the suspension control area. For cost ef-
fectiveness and packaging optimization, the suspension relative
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velocity should be estimated from other measurements. For this
reason, various methods for estimating the suspension relative
velocity have been studied. Kyoungsu Yi [12], [13] proposed a
disturbance decoupled observer to avoid the effects of unknown
road disturbances. To cope with unknown road input, Dugard
[14] developed a full car model based vehicle vertical state es-
timator using the H-inf criterion. Dixit [15] proposed a sliding
mode observation using a nonlinear reference model. Kalman
filtering [16], [17] was also used to estimate the relative ve-
locity between vehicle sprung and unsprung mass. Hernandez
[18] compared several estimation methods such as an integrator,
Luenberger observer, and unknown input observer. A common
feature of the methods studied thus far is the use of a sensor
system consisting of sprung mass sensors and unsprung mass
sensors. Indeed, most estimation methods use an accelerometer
and a position sensor, or two accelerometers, which are located
on the vehicle body and the wheel house of a vehicle. How-
ever, the sensors used in these estimation methods, especially
the wheel acceleration sensors or displacement sensors located
in the wheel housings, have problems such as packaging and
sensor defects due to road impurities. In addition, when using
these estimation methods, sensors are attached to every corner,
which increases the cost and effort for vehicle production.

In this paper, the authors introduce a novel method for es-
timating the relative velocity of a vehicle suspension system
using a single six-dimensional measurement unit (6-D IMU).
The advantage of this method is that there is no packaging prob-
lem of the wheel acceleration sensor or position sensor. While
6-D IMU sensor are relatively more expensive than accelerom-
eters, this sensor can replace five vertical accelerometers. In
addition, 6-D IMU contains vehicle longitudinal acceleration,
lateral acceleration and yaw rate information. Therefore, the ve-
hicle does not require additional sensors for electronic stability
control (ESC). As a result, 6-D IMU sensor substitute five sin-
gle axis accelerometers and one ESC sensor. Indeed, the cost
and effort of configuring the sensor system can be reduced sig-
nificantly. The suggested estimation method is introduced as
follows. First, the governing equations are derived from a full
car model. Since the number of governing equations is not suffi-
cient to obtain the information on the four corners of the vehicle,
additional constraints are introduced using the wheelbase pre-
view assumption. Next, the relative speed estimation method is
introduced in four steps. In addition, stability of the estimator
is verified. Finally, this method is verified using a commercial
vehicle simulator Carsim. To verify the practicality of the esti-
mation method, the frequency response and the time response
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Fig. 1. Free body diagram of the vehicle body.

of the sky-hook controller based on the estimated relative ve-
locity are compared with the sky-hook controller based on the
actual relative velocity obtained by Carsim. In conclusion, this
paper shows that the proposed method provides very robust per-
formance in various road conditions such as speed bumps and
wavy roads.

II. VEHICLE MODEL AND WHEELBASE PREVIEW ASSUMPTION

This section proposes a full car model for estimating suspen-
sion relative speeds. In addition, a wheelbase preview assump-
tion is introduced to estimate the relative velocity using a single
6-D IMU.

A. Vehicle Model and Governing Equations

The purpose of this study is to estimate the relative velocity
of four suspensions using one sensor attached to the vehicle
body. This sensor system is able to detect the movement of the
vehicle body, but there is a limitation that the information of the
unsprung mass cannot be known independently. Therefore, it is
reasonable to estimate the relative velocity based on the vertical
force acting on each corner of the vehicle body. Fig. 1 shows a
free body diagram of the vertical force acting on the vehicle body
based on a full car model [8], [19]-[21] and Table I describes
the vehicle properties.

According to Fig. 1, three governing equations for the vertical
motion of the vehicle are obtained from 6-D IMU measurements.

msaz(t) = FLl(t) -+ FLz(t) + Fry (t) + FRz(t)
Lp(t) = & (Fpi(t) + Fra(t)) — 2 (Fri(t) + Fra(t))

Iyq(t) = bn (Fro(t) + Fra(t)) = Uy (FL1(t) + Fr (t))(l)
where Fp1(t), Fro(t), Fri(t) and Fgry(t) are suspension force
and a,(t), p(t) and ¢(t) are sensor measurements that represent
vertical acceleration, roll and pitch rate of vehicle mass cen-
tre. (1) is a set of governing equations representing heave, roll,
and pitch behaviour of the vehicle body. However, based on the
6-D IMU, only three governing equations can be obtained, even
though the number of required information is four. Therefore, ad-
ditional constraints are necessary to solve this underdetermined
problem.
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TABLE I
VEHICLE PROPERTIES

Symbol Quantity Value

ms Sprung mass 1370 kg

I, Roll inertia 671.3 kgm?

I, Pitch inertia 1972.8 kgm?

k1 Front spring stiffness 153000 N/m

ko Rear spring stiffness 82000 N/m
Front right and left damping coef- .

CRICLL  goiont & ping Variable

CraClLo gzzrllrt right and left damping coeffi- Variable

d Distance from left to right wheel 1.55 m

ly Distance from C.G. to front wheel — 1.11 m

I Distance from C.G. to rear wheel 1.67 m

B. Wheelbase Preview Assumption

To cope with insufficient governing equations, a wheelbase
preview assumption [6], [9] is introduced in this section. Assum-
ing that the lateral movement of the vehicle is negligible, the rear
wheels pass through the same road profile that the front wheels
have already passed with a certain time gap. This time interval
is the wheelbase divided by the vehicle velocity. This is a rea-
sonable assumption, except for differences in tire deformation
between the front wheel and rear wheel. Considering the vehicle
suspension dynamics, sprung mass such as tire has a dominant
influence on the high frequency response of the suspension sys-
tem. Because of the limited bandwidth of the actuator in this
frequency range, the high frequency response cannot be con-
trolled, so there is no need to accurately estimate the relative
velocity of the suspension. Therefore, the difference in tire de-
formation between the front wheel and the rear wheel does not
affect the suspension control method using the proposed estima-
tor. Based on this fact, it can be concluded that it is reasonable
to use the wheelbase preview assumption in the proposed es-
timator for suspension control. Indeed, this wheelbase preview
assumption has been used to reduce the number of sensors in
many practical areas. For example, several vehicle manufactur-
ers have adopted a sensor system that has wheel acceleration
sensors to the front wheels only, since the acceleration of the
rear wheels is derived from the front wheel acceleration through
the wheelbase preview assumption. Consequently, the additional
constraint is derived from wheelbase preview assumption:

zua(t) = zu1 (t — 7(t)) 2)

where zy » is the position of the unsprung mass and 7 = (I5 +
I)/v.(t) is the time delay.

III. RELATIVE VELOCITY ESTIMATION

In this section, the estimation method is introduced in four
steps. First, the front suspension force calculation method us-
ing a 6-D IMU is proposed. Second, based on the estimated
front suspension force, the front suspension relative velocity is
derived. Next, the rear suspension relative velocity is derived
from the front relative velocity and wheelbase preview assump-
tion. Finally, the rear suspension force is calculated based on the
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rear relative velocity and a rear suspension force compensation
method using the 6-D IMU is proposed.

A. Front Suspension Force Calculation

As the first step in estimating the relative velocity, the vertical
force applied to the front suspension of the vehicle must be
calculated. When the rear suspension force is substituted into
the estimated suspension force, the front suspension force is
obtained by the governing equation. From (1), the sum of the
front suspension force and the difference between the front left
and right suspension force are given by

b
lf—|-lr

2
= Elrp(t) — Fra(t) + Fra(t) 4)

Fri(t) + Fri(t) = (lrmsax(t) — Lyg(t))  (3)

Fri(t) — Fri(t)

Note that the sum of the front suspension force is independent
of the rear suspension force. Then, using (3) and (4), each front
suspension force can be obtained as

Fri(t) = ;{ :

717” szt
g (s ()

= Lq(t))

+ ((211115(75) — Fra(t) + FRZ(t)) } ®)

1 1
Fri(t) = 2{lf+l

- (zlzp(t) — Fa(t) +Fm(t)) } (©6)

B. Front Suspension Relative Velocity Estimation

(lrmsaz (t) - IyQ(t))

In this section, a force based relative velocity estimation
method is introduced. The suspension force is caused by dis-
placement of the suspension spring and damper and can be de-
scribed as

{ FLl(t) = kl X AlLl(t) + CLl(t)Ale(t)

. 7
Fpy (t) = k1 x Alpg, (t) + CR1 (t)AlRl (t)

where Alp(t) and Alg(t) are the displacements of the front
left and right suspensions. In this paper, the vehicle suspension is
controlled by sky-hook damping control algorithm. Therefore,
the damping coefficient is described as

{ CL](t) = CLln(t) + CLlsky(t)

®)
cri(t) = crin(t) + cRrIsky(t)

where cr,1,,(t) and ¢y, (t) are the nominal damping coefficient,
crisky(t) and cprisky(t) are the sky-hook control inputs. Of
course, the vehicle suspension has highly nonlinear characteris-
tics. However, due to complexity, most of the research and algo-
rithms use a linearized vehicle suspension model that requires
less computational complexity to implement algorithms in real
vehicles[22], [23]. In this study, the nonlinear damper model is
approximated to a linear model which ignores the higher order
terms and applies a constant nominal damping coefficient. As
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Fig. 2. Nonlinear damping force and linearized damping force.

can be seen in Fig. 2, the actual damping coefficient is approxi-
mated by linear damping, resulting in model uncertainty due to
linearization. The effect of this damping uncertainty will be ad-
dressed in Section V. (7) can be rewritten in state-space form as

(Alu> _ (—kl/cm 0 )(Alm) +(FL1/CL1)
AlR; 0  —ki/eri )\ Alg Fri/cr

©))

This system is two dimensional linear time invariant system.

The state of this system is the suspension displacement and the

input is the suspension force. Consequently, assuming that the

front suspension force is known and the initial condition of this

system is calculated based on the 6-D IMU, the suspension rel-
ative velocity can be obtained.

C. Derive the Rear Suspension Information

In the third step of the estimation procedure, the information
of the rear suspension is derived. Using relative velocity, the
vertical velocity of the unsprung mass is represented as

vuri(t) = veri () + Alp (1)
vuri(t) = vsri(t) + Algi (1) (10)
Vur2(t) = vsra(t) + Alpa ()

(t

vura(t) = vsra(t) + Alpa(t)

The vertical velocities of the sprung mass vs 1,1 > (t) and vs g1 2 (%)
can be calculated out of 6-D IMU sensor measurement. From
the geometric relationships between the vertical motion of each
corner of the vehicle and the vertical motion of the centre of
mass[21], the vertical velocity of each corner of the vehicle can
be expressed as

Vs (t> — ’Uc.g(t) - lfQ(t) + %p(t)
UeRl(t) = Uv.g(t) - lfQ(t) - %p(t) (11)
Vs12(t) = veg(t) + Lrg(t) + 5p(t)
vsra(t) = veg (1) + 1rq(t) — §p(t)

Note that the roll and pitch rate of the sprung mass are included
in the sensor measurement. Like other previous studies [24],
[25], the vehicle heave velocity v, 4(t) is calculated by inte-
grating the vehicle heave acceleration a. (t). According to the
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wheelbase preview assumption, the vertical velocity of the front
suspension is the future information of the vertical velocity of
the rear suspension. Therefore, the vertical velocity of the rear
unsprung mass can be described by the following equations:

{ Uur2(t) = vur1 (t—7(t)) (12)

vura(t) = vupri (t —7(1))
Finally, according to (10) (12), the relative velocities of the rear
suspensions are described as

{ Alpy(t) = Vapa (t = 7(t) = Vara(t) 13)
Alpy(t) = Vuri (t = 7(t)) — Vira(t)

D. Rear Suspension Force Calculation and Compensation

In this section, the rear suspension force is calculated and
compensated. In addition, the overall estimation scheme is pre-
sented. Based on the rear suspension relative velocity, the verti-
cal forces of the rear suspension are given by

{ FLz(f) = szng(t) + CLz(t)Al.Lz(t)
FR2 (t) = szle(t) + CRz(t)Aij(t)

Note that (14) is derived from front relative velocities, the
wheelbase preview assumption, and sensor measurements. The
wheelbase preview assumption provides additional constraints
to overcome insufficient governing equations; however, there is
a potential problem that the estimation error can be accumulated
during the estimation process. Therefore, a certain compensation
is required to obtain a more accurate estimate of the rear suspen-
sion force. Similar to (3), the sum of the rear force is given as

1

FLZ(t) +FR2(t) = lfT

(Iymsaz(t) + 1yq(t)  (15)
According to (15), the sum of rear left force and rear right force
can be determined from the sensor measurements. Thus, using

(15), the compensated rear suspension force is given by

1 1
FLchomp(t) = = {

AUTEE (lymsas(t) + 1,4(t))

T (Falt) - Fra() } (16)
Frcomnl®) = 3 { = (maa6) + 1)
(Fpa(t) — Fpalt) } an

where are calculated by (14). Note that always satisfy equation
(15). Therefore, the compensated relative velocities of the
rear suspensions are given by the same procedure as in (9).
Furthermore, the rear suspension forces thus obtained are
used to derive the front suspension forces. Finally, the overall
estimation scheme is illustrated in Fig. 3.

IV. ESTIMATOR DESIGN AND STABILITY ANALYSIS

This section performs a stability analysis for this closed-loop
estimation system. A mathematical description of the overall
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Fig.3. Overall estimation scheme.

estimation scheme is given in Section IV-A. Based on this result,
a stability analysis for this estimator is conducted in Section I'V-
B. Consequently, stability is verified numerically using vehicle
parameters.

A. Estimator Description

In this section, the entire estimation method is described math-
ematically and expressed in state space form. According to (10),
(12), and (13), the rear relative velocities are derived from the
front ones and sensor measurements. Therefore, (14) is rewritten
as

Fra(t)
=k (/ Vipi (t—7)dt + Al (t — 1) — /Vst(t)dt>

+cmo (Vsm (t—7)+ Al (t—7) — Vst(t)> (18)

Fra(1)
=k (/ Vi1 (t — 7)dt + Algy (t —7) — /VSRz(t)dt>

+en (Vari (£ =7) + Bl (= 7) = Vira(®)  (19)

Note that the rear suspension forces are used to calculate the front
ones and the front relative velocities are derived from the front
suspension forces. Therefore, using (9),(18) and (19) the front
relative velocities are defined as the superposition of feedback
terms and sensor measurement terms. This equation then can be
rewritten in the state space form:

(8o (10 Ll ) ()0

7]1'2/26[,1 k2/2CL1 AlLl (t—T)
ka/2cri —ka/2cr1 ) \ Alri

—cra/2¢cr1 cra/2cr Alp
; t—7)+I(t,
( cra/2¢r —Cra/2¢R) Alp; (t=7) (.7)
(20)
where I'(¢, 7) is sensor measurement term. Consequently, the
estimation algorithm is a linear neutral type delay system
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(NTDS) [26], [27]:
#(t) = Az(t) + Agx (t — 7(t)) + Ji (t — 7(t)) + T (£, 7)

where 2 = (Alr; Algy)T and

—kl/CL1 0
A =
( 0 kl/CRl)

A o —kz/chl k‘z/Q,CLl
d = kz/ZCRl —kz/chl

J— <—CL2/20L1 cra/2cr )

cr2/2¢r1 —Cra/2¢R1

Using the system model (21), the NTDS state observer can
be designed. According to previous studies about NTDS ob-
server [28], [29], the linear observer is designed in the following
form:

@(t) = Az(t) + Aqi (t — 7(t)) + Jz (t — 7(t))
+ K [y(t) = g)] + T (1)

where the constant matrix K is the observer gain with an appro-
priate dimension. According to (3) and (15), summation of the
front vertical suspension force can be derived from 6-D IMU
measurement. Therefore, this physical parameter can be an-
other form of system measurement. Consequently, the system
measurement:

y(t) = Cla(t) + CRa(t) + Cfa (t — (1))

(22)

+C @ (t—7(t) +(t)  (23)

where 7(t) is another sensor measurement term and

o (ki ki o __ (criCRi
Cl_(oo G ={"0 o

7 _(00 s _ (0 0
C('_<7€21f2 G = CL2 CR2

Let the error state is e(t) = () — Z(t), then according to (21),
(22) and (23), the error dynamics can be derived as

é(t) = Ae(t) + Age (t — 7(t)) + Jé (t — 7(t)) (24)

where A= (I+KC9) " (A-KCY), Ag=(I+KC9)™!
(Ag— KC{)and J = (I + KC)~'(J — KCY).

B. NTDS Observer Stability Analysis

Note that the overall estimation algorithm has NTDS char-
acteristics. The stability of NTDS has been studied during the
past four decades [30]-[40]. Since the time delay in the estima-
tion method is varying depending on the vehicle velocity, the
delay-independent stability criterion is suitable to verify the sta-
bility of the estimation method. Stability theory based on the
Liapunov-Krasovskii functional [31], [39], [40] is mainly used
as a method of proving delay independent stability. Assuming
that T'(¢, 7) is bounded using a signal filtering technique such as
high pass filtering, the stability of error dynamics (24) is verified
by the following theorem [31], [39].
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Theorem 1: The NTDS error dynamics (24) is delay-
independent asymptotic stable if
e AisaHurwitz
e The spectral radius of .J is less than one
® There exist two symmetric and positive definite matrixes
R > 0and @ > 0 such that the following Riccati equation
has a symmetric and positive definite solution P > 0:

ATP+PA— [P (AT + Aq) + ST R

x [JTS+ (AL +JTAT)P]+Q+S=0 (25

where S > 0 is the symmetric and positive definite solution of
the Lyapunov discrete equation:

J'ST—S+R=0 (26)

Now the stability of the estimation algorithm can be verified
using this theorem. To reduce complexity, it is assumed that
the damping coefficient on the left is the same as the damping
coefficient on the right. Therefore, ¢z, = cg; = ¢; and ¢ =
cra2 = ¢p. The observer gain K is designed to make (I + KCY)
is non-singular. First the eigenvalue of A is given by

A (/_1) = —k;l/cl, —kl/Cl (27)

Since A always has a negative eigenvalue, A is always Hurwitz.
Second, the eigenvalue of .J is given by

aKp+aKn
K+ Ky +1

Note that most vehicles have front damping that is larger
than rear one. Therefore, the spectral radius of J is less than
one. Using the vehicle parameters, observer gain K = (0.001
0.001;0.001 0.001) and the nominal damping coefficient (¢; =
3286.8 Ns/m, ¢; = 1761.6 Ns/m), then the solution of (25) is
given by

)L(j):—CZ/C],— (28)

p_ (0.0ZOZ 0.005 > (29

0.005 0.0202

Since P is positive definite, the error dynamics is stable.

V. SIMULATION

In this section, the sky-hook control simulation based on the
proposed estimation method is performed. The two-state damper
sky-hook control law[10], [11] widely used in the practical areas
is given by

{ Csky(t) = Cmax i'f 05 (8) (Vs () — vy (t)) >0 0
Coky(t) = Cmin  0f vs(t)(vs(t) — vy (t)) <O
é(t) = _ﬂc(t) + ﬁcsky(t) +cn (31)

where c¢gpy(t), ¢(t) and ¢, (t) are the damping command, the
actual damping coefficient of the suspension and the nominal
damping of the suspension. Since the suspension actuator has a
bandwidth in real world, the actuator dynamics is represented
by (31). In this simulation, the actuator bandwidth S is set to
307 Note that this control law requires the information about
the suspension relative velocity. To verify the proposed estima-
tion method, the frequency and time response analysis of the
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TABLE II
VEHICLE SIMULATION PARAMETERS

Parametric uncertainty Variation

M 1370+30% kg

I 671.3420% kgm?
I 1972.8420% kgm?
Cmazl 14000 Ns/m
Cminl 1700 Ns/m

Cmaz?2 6100 Ns/m

Cmin2 920 Ns/m

sky-hook controller based on the estimated relative velocity is
performed. Since the closed-loop control system is nonlinear, the
variance gain is computed to describe the frequency response.
Finally, the overall simulation scheme is illustrated in Fig. 4.

A. Simulation Set-Up

To verify the proposed estimation method, Carsim and Matlab
& Simulink were used, which are used widely to develop vehicle
control systems in many practical areas. In this paper, D-class
sedan model is used to verify the proposed algorithm. Because
Carsim is a highly nonlinear black box model, it also includes
many vehicle nonlinearities not covered in this paper. Additional
parametric uncertainties given in Table II and initial condition
error were applied to the estimator to simulate the environment
closer to the experiments with real production vehicles. In ad-
dition, the longitudinal velocity of the vehicle has an error of
1.38m/s, which is equal to Skm/h. This error value usually oc-
curs when vehicles longitudinal velocity is estimated using the
wheel velocity. This simulation was performed assuming that a
6-D IMU was attached to the centre of mass of the vehicle body.
The 6-D IMU sensor measurements include measurement noise
designed with reference to the gyroscope ADW22307 and ac-
celerometer ADXL 103 data sheet. Coordinate transformation of
sensor measurements is also an important part of the real world,
but is not considered in this study. In addition, three sprung
mass accelerometers and two unsprung mass accelerometers is
configured to compare the proposed algorithm with another al-
gorithm using different sensor measurements. In general, most
of the automotive manufacturers use these five sensors to esti-
mate the relative velocity of each corner of a vehicle suspension.
In this paper, an integration-based estimator that is widely used
in practical fields is used. To compare the performance of the
algorithms, an integrator with a second order highpass filter with
a cut off frequency of 0.4 rad/s is used [18].

The simulation analysis is performed as follows. First, the fre-
quency response of the estimator based sky-hook controller is
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TABLE III
TIME RESPONSE SIMULATION SCENARIOS

Case  Maneuver Longitudinal velocity
1 Sinusoidal road 35km/h

2 Speed bump 30km/h

3 Half Speed bump(Left side) 30km/h

4 Potholes(Left side) 120 to 25km/h

Variance gain from road input to body acceleration (Front left wheel)
T

Magnitude[dB]
T

Frequency[Hz]

Fig. 5. Frequency response from front left road elevation to front left
body acceleration.

analysed. On a sinusoidal road surface which has the road wave-
length matched the vehicle wheelbase, the frequency response
from 0.2 Hz to 20 Hz is explored. Next the road surfaces used
for the time response simulations were selected from the typical
road surfaces, which are mainly used for evaluating the ride qual-
ity of production vehicles. Case 1, a low frequency sinusoidal
road surface with an elevation of 0.02 meter to 0.10 meter, was
used to estimate the low frequency performance of the estimator
based controller. Second, a 3.6m x0.1m speed bump was used
to evaluate the performance of the estimator where unsprung
mass motion is dominant. Next, a half-bump test was performed
in which the vehicle passes through the same speed bump only
to the left half of a vehicle to cause severe vehicle roll motion.
Finally, potholes test in which the decelerating vehicle passes
through the two potholes is performed to investigate the effect
of braking and sudden unsprung mass motion on the proposed
estimation algorithm. Table III summarizes the time response
simulation scenarios to verify the estimator performance.

B. Frequency Response Simulation Result

Fig. 5 shows the result of sinusoidal road simulation. Note
that this figure shows the typical frequency response of vehi-
cle suspension dynamics. Around 2 Hz, the first peak appears
in the passive suspension frequency response. This peak can be
suppressed using the suspension control. According to this fig-
ure, this peak response is suppressed in both the actual relative
velocity based sky-hook control response and the estimated rela-
tive velocity based sky-hook control response. The second peak
that appears at approximately 12 Hz cannot be suppressed since
this peak is located on invariant frequency. It is noteworthy that
the actual relative velocity based sky-hook control response and
the estimated relative velocity based sky-hook control response
show almost the same frequency response. This result shows that
the proposed estimator can replace the estimation method using
accelerometers located in sprung mass and unsprung mass.
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Fig. 6. Sinusoidal road simulation results for relative velocity estimation:
(a) Front left suspension relative velocity. (b) Front right suspension relative
velocity. (c) Rear left suspension relative velocity. (d) Rear right suspension
relative velocity.

C. Time Response Simulation Results

1) Case 1. Sinusoidal Road Simulation: Fig. 6 shows the re-
sults of sinusoidal road simulation. Since the vehicle had longi-
tudinal velocity on a symmetrical road surface, the roll motion
of the vehicle was negligibly small. Therefore, according to (5)
and (6), the estimated rear suspension forces did not have an im-
pact on front suspension force estimation. As a result, the front
suspension forces of each side can be obtained from 6-D IMU
measurements. Likewise, the rear suspension forces of each side
are calculated from (15). Due to the parametric uncertainties and
the linear approximated suspension model, the estimation errors
are increased accordingly the magnitude of relative velocities is
increased. However, the phase of the estimated relative veloc-
ity is the same as the phase of the actual ones. Since NTDS
observer is asymptotically stable, the initial condition error con-
verges to zero. Compared with the integrator-based estimator,
the proposed estimator converges more accurately and quickly.
According to the simulation results, the drifting issue caused by
accumulated error and sensor noise occurs and this phenomenon
is a typical problem that can be found in integrator-based esti-
mator. Fig. 7 shows the results of estimated relative velocity
based sky-hook control. This figure shows that the body ac-
celeration controlled by the estimated relative velocity based
sky-hook controller is the same as the body acceleration con-
trolled by the actual relative velocity based sky-hook controller.
This simulation result implies the proposed method can replace
conventional estimation method using accelerometers.

2) Case 2. Speed Bump Simulation: When the vehicle is
crossing a speed bump, motion of the unsprung mass is more
dominant than that of the sprung mass. Since the 6-D IMU sen-
sor is attached on the vehicle body, the movement of the un-
sprung mass cannot be detected independently. However, this
estimation algorithm is based on the suspension forces and they
are estimated immediately. Therefore, it is expected that the rel-
ative velocities can be estimated for an unsprung mass-motion
dominant situation such as speed bump crossing. As in Fig. 8, the
relative velocity can still be obtained when the movement of the
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Fig. 7. Sinusoidal road simulation results for body acceleration: (a) Front
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Fig. 8. Speed bump simulation results for relative velocity estimation:
(a) Front left suspension relative velocity. (b) Front right suspension relative
velocity. (c) Rear left suspension relative velocity. (d) Rear right suspension
relative velocity.

unsprung mass is more dominant than that of the sprung mass.
Since the tire does not touch the road surface, high frequency rel-
ative velocity estimation error occurs in 2.3 seconds. However,
according to Fig. 9, there is comparatively high estimation error,
but the vehicle acceleration results of both control methods are
the same. Because of the actuator bandwidth, high frequency es-
timation errors do not affect suspension control in the real world.
As with case 1, the proposed estimator has more robust perfor-
mance than the integrator-based estimator with drifting issue. In
conclusion, the proposed estimation method is also suitable for
the motion of an unsprung mass dominant situation such as a
speed bump crossing.

In case 1 and case 2, there is no roll motion of the vehicle,
and the error is caused sorely by parametric uncertainties since
the estimated rear suspension forces do not affect the front sus-
pension force estimation.

3) Case 3. Half Bump Simulation: Some drivers try to pass
over speed bumps with only one side of the vehicle. This half
bump maneuver is therefore a major test scenario for evaluating
the ride comfort in a practical area. In this scenario, the estimated
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Fig.9. Speed bump simulation results for body acceleration: (a) Front left body
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Fig. 10.  Half bump simulation results for relative velocity estimation: (a) Front
left suspension relative velocity. (b) Front right suspension relative velocity. (c)
Rear left suspension relative velocity. (d) Rear right suspension relative velocity.

rear suspension forces have an impact on calculating the front
suspension forces since the vehicle has roll motion. Therefore, it
can be expected that the estimation error is increased more than
in other maneuvers where the vehicle does not have roll motion.

Fig. 11 shows the tire deformation difference between the
front wheels and the rear ones. This estimation algorithm is
based on the wheelbase preview assumption. In order to perfectly
apply the wheelbase preview assumption accurately, the delayed
tire deformation of the front wheels needs to be matched to the
rear tire deformation perfectly. However, due to other character-
istics such as sprung mass, damping coefficient, spring stiffness,
and tire characteristics between the front wheels and rear wheels,
the wheelbase preview assumption is corrupted. Therefore, an
additional estimation error is occurred associated with the tire
deformation difference between the front and the rear ones. Ac-
cording to Fig. 10 and Table IV, the absolute magnitude of the
estimation error is increased more than in other cases where the
vehicle has no roll motion, but the phase of the estimated rela-
tive velocities are the same as the phase of the actual ones. As
aresult, it was verified that the suspension relative velocity can
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Fig. 11.  Comparison of the front and rear tire deformation: (a) Left side tire
deformation. (b) Right side tire deformation.

TABLE IV
ERRORS OF THE SUSPENSION RELATIVE VELOCITY ESTIMATION

Case Cmax €rms o?

Case 1 Front left 0.0821 0.0102 8.7531e-05
Front right  0.0938 0.0107 8.8912e-05
Rear left 0.1027 0.0099 1.0013e-04
Rear right 0.0997 0.0100 9.5989¢-05

Case 2 Front left 0.0975 0.0182 2.3322e-04
Front right ~ 0.0725 0.0149 2.2397e-04
Rear left 0.1778 0.0303 5.4074e-04
Rear right 0.1989 0.0220 5.5937¢-04

Case 3 Front left 0.0963 0.0183 2.6310e-04
Front right  0.0726 0.0341 2.2903e-04
Rear left 0.3103 0.0148 9.6598e-04
Rear right 0.0842 0.0188 3.1240e-04

Case 4 Front left 0.0963 0.0550 0.0030
Front right  0.1716 0.0853 0.0073
Rear left 0.7608 0.0234 5.4057e-04
Rear right 0.1800 0.0244 5.9263e-04

be obtained using a 6-D IMU attached to the vehicle chassis.
Compared to the integrator-based estimator, in addition to the
drifting issue, the difference in performance is noticeable on the
right side of the vehicle that does not cross the speed bump.
This result indicates that signal loss due to high pass filtering
affects the estimation of low relative velocity regions. Based on
this simulation, it can be expected that the proposed estimation
method can be used to suspension control for the roll motion
dominant maneuver such as half bump crossing. Fig. 12 shows
the time response of the body acceleration and this simulation
results denote that this expectation is correct.

4) Case 4. Potholes Simulation: Pothole which shown on as-
phalt pavement is a main cause of ride quality reduction. More-
over, an accident may occur since a high speed vehicle decelerate
to avoid a pothole. To verify the performance of the proposed
estimation algorithm in such road conditions, a potholes road
simulation is performed. In this paper, a simulation is performed
in which the vehicle crosses two potholes on the left side. In ad-
dition, to simulate the drivers reaction on the pothole road, the
vehicle was given an additional brake input.

According to Fig. 13 and Table IV, a relatively high estima-
tion error occurs in comparison with the other cases. As men-
tioned in the case 3, the rolling motion of the vehicle and the
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Fig. 14.  Potholes simulation results for body acceleration: (a) Front left body
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(d) Rear right body acceleration.

tire deformation due to the sudden change of the road surface
affect the relative velocity estimation. Moreover, as the relative
velocity of the suspension increases, the estimation error due to
model uncertainties increases. Compared to the integrator-based
estimator, however, very little phase error is occurred and the
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magnitude of the relative velocity is relatively accurate. Accord-
ing to the simulation results, the bias of the vertical acceleration
due to braking has no effect on the state estimation. It is notewor-
thy that passive suspension and controlled semi-active suspen-
sion make little difference in performance evaluation based on
body acceleration. Fig. 14 shows the characteristics of a semi-
active suspension control using a sky-hook algorithm that cannot
improve the performance of the high-frequency region. In con-
clusion, the relative velocity of the suspension is estimated with
a small phase error, there is no performance improvement over
passive suspension due to the limitations of the control algorithm
and actuator bandwidth.

VI. CONCLUSION

In this paper, a method of estimating the suspension rela-
tive velocity using a single 6-D IMU attached to the vehicle
body is proposed. Based on the wheelbase preview assumption,
this estimation method provides the suspension relative velocity
on various road surfaces. The proposed estimation algorithm is
consisted of a closed-loop system. Since this system is described
as NTDS, the stability criterion of NTDS is used to verify the
delay independent stability of this estimator. Therefore, the es-
timator has robust performance against initial condition error.
In this paper, using the vehicle simulator Carsim, a simulational
verification is performed on various scenarios. Although the es-
timation method is proposed based on the approximated linear
model, the simulation results show that this estimator provides
a reasonable estimation of the suspension relative velocity us-
ing a sensor attached to the vehicle body. It is worth noting that
even though this estimator has estimation error caused by pa-
rameter uncertainty and tire deformation, very little phase error
is occurred. Therefore, this estimator can be used for vehicle
suspension control applications. Another advantage of the pro-
posed estimation method is that the problem of sensor packaging
can be solved, and the number of sensors and costs can also be
reduced. In conclusion, using the proposed estimation method,
the suspension relative velocity can be obtained with good ro-
bustness while reducing the system cost and installation efforts
at the same time.
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