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Abstract: This paper presents a method to design a suspension controller with a human body model
for ride comfort improvement and motion sickness mitigation. Generally, it has been known that the
vertical acceleration of a sprung mass should be reduced for ride comfort. On the other hand, recent
studies have shown that, combined, the vertical acceleration and pitch rate of a sprung mass are key
factors that cause motion sickness. However, those variables have been considered with respect to
the center of gravity of a sprung mass. For motion sickness mitigation, the vertical acceleration of
a human head should be also considered. In this paper, the vertical accelerations and pitch rates
of a sprung mass and a human head are controlled by a suspension controller for ride comfort
improvement and motion sickness mitigation. For the controller design, a half-car and human body
models are adopted. With those models, several types of static output feedback suspension controller
are designed with linear quadratic optimal control methodology. To reduce the pitch rate of the sprung
mass and the vertical acceleration of the head, a filtered-X LMS algorithm is adopted as an adaptive
feedforward algorithm and combined with the static output feedback controllers. A frequency response
analysis and simulation are performed with the designed controllers on vehicle simulation software,
CarSim®. From the simulation results, it is shown that the proposed controllers can effectively reduce
the vertical accelerations and the pitch rate of the sprung mass and the human head.

Keywords: autonomous driving; ride comfort; motion sickness; human body model; active suspension
control; adaptive feedforward algorithm

1. Introduction

To date, a suspension controller has been designed to improve ride comfort and road
handling [1–3]. Generally, it has been well known that the vertical acceleration of a sprung
mass and tire deflection are regarded as a measure for ride comfort and road holding [1].
Ride comfort was specified within ISO2631-1, which represents the sensitivity of the human
body to vibration [4]. According to ISO2631-1, the vertical acceleration of a sprung mass
(SPM) within the range of 4~10 Hz should be reduced for ride comfort. On the other hand,
vertical acceleration of an SPM (az,SPM) over the frequency range from 0.1 to 0.2 Hz should
be reduced for motion sickness. However, ISO2631-1 originated from the analysis of the
vibration on a ship.

Autonomous driving can make passengers concentrate on non-driving tasks, such
as reading a display device or a book in a car. However, this can make motion sickness
severe [5,6]. Recent studies have shown that the pitch rate of an SPM (ωy,SPM) is also
important for motion sickness and that the combination (az,SPM and ωy,SPM) can cause
motion sickness within the frequency band of 0.8~8 Hz when reading a book in a car [7,8].
Fortunately, this frequency band is overlapped with that for ride comfort, given from
ISO2631-1. For this reason, it is necessary to reduce az,SPM and ωy,SPM for the purpose of
improving ride comfort and mitigating motion sickness. For this purpose, a suspension
controller is designed in this paper.
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To date, there have been few studies on motion sickness on passengers in a car. Among
them, studies concentrating on suspension control were even rarer [7–9]. Recent studies on
active suspension control for motion sickness mitigation have concentrated on controller
design with active suspension [10–12]. Following those studies, this paper presents a
method to design an active suspension controller for motion sickness mitigation.

The methods proposed to date for active suspension control have used quarter-, half-
and full-car models [1]. However, those studies did not consider a human body model
(HBM) in the controller design stage because the goal of suspension control is to improve
the ride comfort or road handling of a vehicle body or an SPM. According to a survey,
there are a lot of HBMs that have been used for analyzing the vertical vibration of a human
body [13]. The frequency responses and eigen frequencies were analyzed in the reference.
To date, a half-car model (HCM), describing the vertical and pitch motions of an SPM, and
a human body model (HBM), describing the vertical motion of a head and an abdomen in
a human body, have been adopted for suspension controller design [14–17]. In an HBM,
the vertical acceleration of a head (az,HEAD) is the most important measure. Among them,
this paper selects the most relevant model describing az,HEAD as an HBM for controller
design [18]. Following those papers, this paper adopts an HCM and its combination with
an HBM for motion sickness mitigation. Moreover, the model parameters are referred
from [18], which have been used in the previous work [14–17].

Generally, a full-state feedback controller for suspension control is hard to implement
on a real vehicle because it requires all state variables to be exactly measured or estimated
and it has so many gain elements. To overcome the problems, this paper selects a static
output feedback (SOF) control as the controller structure [10–12,19–22]. Based on the
geometric relationship between front and rear suspensions along the pitch motion of an
SPM, this paper presents three types of structured SOF controllers. As an output for the
SOF control, this paper selects six variables, i.e., the vertical velocity of the SPM (vz,SPM) and
ωy,SPM, the vertical velocities at the front/rear corners of an SPM (vz,SPMFC and vz,SPMRC)
and the suspension velocities at the front/rear suspensions (vz,SSF and vz,SSR). To optimize
those SOF controllers in view of ride comfort enhancement and motion sickness mitigation,
this paper adopts linear quadratic optimal control (LQOC) [10–12]. As a result, linear
quadratic SOF (LQ SOF) controllers are obtained.

To improve the performance of SOF controllers, this paper adopts a wheelbase preview
scheme, which uses signals obtained from the front suspensions and generates a control
force at the rear suspensions [23–26]. Figure 1 shows the wheelbase preview control scheme.
For the structure of the wheelbase preview scheme, there are delays between the front
and rear wheels or suspension. Under the situation, it is natural to use a feedforward
controller in view of an actuator located at the rear suspensions. This paper selects a
filtered-x LMS (FxLMS) algorithm as an adaptive feedforward controller, which tries to
reduce the ωy,SPM [12,27,28]. The FxLMS algorithm is combined with the LQ SOF controller
for ride comfort improvement and motion sickness mitigation.

Figure 1. Wheelbase preview control scheme.

To validate the LQ SOF controllers combined with the FxLMS algorithm, a frequency
response analysis is performed with a state-space equation and a simulation is conducted on
a vehicle simulation package. From the simulation results, it is concluded which type of SOF
controller and its combination with an FxLMS is relevant for motion sickness mitigation.
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The goal of this paper is to design LQ SOF controllers and the FxLMS algorithm with
an HCM and HBM for motion sickness reduction. The contributions of this paper can be
summarized as follows:

1. Several types of LQ SOF controllers are designed to reduce the az,SPM, ωy,SPM and
az,HEAD over the frequency range from 0.8 to 8.0 Hz. With the outputs, vz,SPM, ωy,SPM,
vz,SPMFC, vz,SPMRC, vz,SSF and vz,SSR, four LQ SOF controllers are proposed.

2. To reduce the ωy,SPM over the frequency range from 0.8 to 8.0 Hz, an FxLMS algorithm
is applied in the framework of the wheelbase preview control scheme.

3. With the LQ SOF controllers and FxLMS algorithm, a simulation is performed on CarSim.
Through the simulation, it is shown which LQ SOF controller is better for ride comfort
enhancement and whether the FxLMS is effective or not for motion sickness reduction.

This paper consists of five sections. An HMC and HBM are presented, and its state-
space models are derived in Section 2. With the state-space model, three SOF controllers
are proposed and LQ SOF controllers are designed with the LQOC methodology. The
FxLMS is designed in Section 2. In Section 3, a simulation with LQ SOF controllers and
the FxLMS is performed on CarSim and the simulation results are analyzed and discussed.
The conclusions are drawn in Section 4.

2. Controller Design for Motion Sickness Mitigation

In this section, the state-space models are derived from an HCM and a combined
HCM-HBM, as presented in the previous studies [10–12,18]. With the state-space models
and LQ cost functions set for ride comfort enhancement and motion sickness mitigation,
four types of LQ SOF controllers are proposed and designed with LQOC. In order to reduce
ωy,SPM, the FxLMS algorithm is designed and applied.

2.1. Half-Car and Human Body Models

Figures 2 and 3 show the HCM and the HBM [10–12,18]. The HBM given in Figure 3
can be found in the references [14–18]. As shown in Figure 2, there is a single SPM and
two unsprung masses (USPMs). Front and rear suspensions, Sf and Sr, are between the
SPM and USPMs, which consist of a spring, ks, and a damper, bs, and an active actuator
used to generate control vertical forces, uf and ur. The HCM describes the vertical and
pitch motions of the SPM and the vertical motions of the USPMs. In Figure 2, Asf, Asr, Auf
and Aur are the accelerometers, installed on the front/rear corners of the SPM (SPMFC
and SPMRC) and the wheel centers of the USPMs, respectively. These accelerometers are
used to measure the vertical acceleration of the SPMFC, SPMRC and front/rear USPMs,
which are denoted as az,SPMFC, az,SPMRC, az,USPMF and az,USPMR, respectively. There are four
equations of motions in the HCM [10–12].

Figure 2. Half-car model.
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Figure 3. Human body model with the seat, connected to the sprung mass [14–18].

As shown in Figure 3, the HBM has eight masses, m1, . . ., m8, and eight suspensions,
S1, . . ., S8. The seat is connected to the SPM of the HCM through S8. In the HBM, each Si
has a spring, ki, and a damper, bi. As shown in Figure 3, there is the offset lp between the
centers of gravity of the SPM and the seat. Due to this offset, ωy,SPM has an effect on the
vertical motions of the human body [18]. In the HBM, the most important dynamic variable
is the vertical acceleration of m1, i.e., az,HEAD. For motion sickness mitigation, this should
be reduced by a controller. There are eight equations of motions in the HBM [14–18].

This paper combines the HCM and HBM into a single model, which is denoted as
HCHBM. The HCHBM has twelve equations of motions because HCM and HBM have four
and eight equations of motions, respectively. Among them, the vertical and pitch motions
of the SPM, and the vertical motions of the head and the abdomen in a human body are
important in view of motion sickness.

In the HCM, using the geometric relationship of the SPM, the vertical displacements at
SPMFC and SPMRC are obtained as (1). Using the approximation, sinθ ≈ θ, zsf and zsr are
calculated as (1) from zc and θ of the SPM. Equation (1) is converted into (2). New vectors
and a matrix are defined as (3). The vectors of disturbances and control inputs, w and u,
are defined in (3). With those definitions in (3), (2) is converted into (4). The time-derivative
of (4) and its inverse are obtained as (5). In (5), X+ stands for a pseudo-inverse of a matrix,
X. Equation (5) represents the relationship between vz,SPM and ωy,SPM and vz,SPMFC and
vz,SPMRC. With (5), vz,SPM and ωy,SPM are calculated from vz,SPMFC and vz,SPMRC. For the
reason, vz,SPM and ωy,SPM play an identical role to vz,SPMFC and vz,SPMRC in controller.{

zs f = zc − l f sin θ ≃ zc − l f θ

zsr = zc + lr sin θ ≃ zc + lrθ
(1)

[
zs f
zsr

]
=

[
1 −l f
1 lr

][
zc
θ

]
(2)

p ≜
[

zc
θ

]
, zs ≜

[
zs f
zsr

]
, zu ≜

[
zu f
zur

]
, w = zr ≜

[
zr f
zru

]
, u ≜

[
u f
ur

]
, G ≜

[
1 1

−l f lr

]
(3)
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zs = GTp (4)

.
zs = GT .

p ⇔ .
p =

(
GT

)+ .
zs (5)

For HCM and HBM, the state vectors, zH and zB, are defined as (6). In (6), the subscript
H and B stand for HCM and HBM, respectively. If the state vector of HCM, xH, is defined
as (7), the state-space equation for the HCM is derived as (8) [10–12]. If the state vector of
HCHBM, xF, is defined as (9), the state-space equation for HCHBM is derived as (10) [14–18].
In (8) and (10), the subscripts, H and F, represent HCM and HCHBM, respectively. As
shown in (7) and (9), the state-space equations for HCM and HCHBM have 8 and 24 state
variables, respectively. It should be noted that the disturbance, w, and the control input, u,
in HCM and HCHBM are identical, as given in (3). The detailed derivation of (8) and (10)
can be found in the reference [10–12,14–18]. zH ≜

[
p
zu

]
zB ≜

[
z1 z2 z3 z4 z5 z6 z7 z8

]T
(6)

xH ≜
[
zT

H
.
zT

H

]T
(7)

.
xH = AHxH + B1Hw + B2Hu (8)

xF ≜
[
zT

B zT
H

.
zT

B
.
zT

H

]T
(9)

.
xF = AFxF + B1Fw + B2Fu (10)

2.2. Design of SOF Controllers with Linear Quadratic Optimal Control

Typical method used to suspension controller design is LQR, which is a feedback
controller. There are two LQRs for the HCM and HCHBM: LQRH and LQRF. For designing
LQRH and LQRF with (8) and (10), the corresponding LQ cost functions are defined as (11)
and (12), respectively [10–12,14–18]. As given in (12), the difference between JH and JF is
that JF has the term on az,HEAD. In (11) and (12), the weight ρi is determined by Bryson’s
rule, (13), where ζi is the maximum allowable value (MAV) of each term [29].

JH =
∞∫
0

 ρ1
..
z2

c + ρ2
..
θ

2
+ ρ3

.
θ

2
+ ρ4θ2

+ρ5 ∑
i= f ,r

(zsi − zui)
2 + ρ6 ∑

i= f ,r
z2

ui + ρ7 ∑
i= f ,r

u2
i

dt

=
∞∫
0

{[
xH
u

]T[ QH NH
NT

H RH

][
xH
u

]}
dt

(11)

JF = JH +

∞∫
0

ρ8
..
z2

1dt =
∞∫

0

{[
xF
u

]T[QF NF
NT

F RF

][
xF
u

]}
dt (12)

ρi =
1
ζ2

i
, i = 1, 2, · · · , 8 (13)

For ride comfort improvement and motion sickness mitigation, ζ1 and ζ3 in JH and
ζ1, ζ3 and ζ8 in JF should be set smaller while maintaining other terms as constant. Using
the matrices, Q, R and N obtained in (11) and (12), the gain matrices of LQRH and LQRF
are obtained as KLQRH and KLQRF, as given in (14), respectively. In (14), PH and PF are the
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solutions of Riccati equations, corresponding to (8) and (10), respectively. As mentioned
earlier, regardless of JH and JF, the disturbance, w, and the control input, u, in JH and JF.

As shown in (3), (8) and (10), the number of state variables and control inputs in xF and
u are 24 and 2, respectively. Hence, the gain matrix of LQRF, i.e., KLQRF, has the dimension
of 2 × 24, which is too large for KLQRF to be implemented on a real vehicle. Especially, it is
very difficult to measure all the state variables of zB in the HBM. To overcome the problem,
this paper selects a SOF control as a controller structure.{

u = −KLQRHxH = −R−1
H BT

2HPHxH
u = −KLQRFxF = −R−1

F BT
2FPFxF

(14)

This paper selects six signals, vz,SPM, ωy,SPM, vz,SPMFC, vz,SPMRC, vz,SSF and vz,SSR, as
the sensor outputs for the SOF control, as given in (15) [8]. It is relatively easy to measure
those signals in a real vehicle. Moreover, the output vector, y, has no state variables of zB to
be measured from the HBM. Hence, y can be derived from xH and xB, as given in (15).

y ≜



.
zc
.
θ

.
zs f −

.
zu f

.
zsr −

.
zur

.
zs f
.
zsr


=



vz,SPM

ωz,SPM

vz,SSF

vz,SSR

vz,SPMFC

vz,SPMRC


=

CHxH =
[
06×4 CX

]
xH

CFxF =
[
06×20 CX

]
xF

, CX ≜



1 0 0 0
0 1 0 0
1 −l f −1 0
1 lr 0 −1
1 −l f 0 0
1 lr 0 0


(15)

The sensor output signals in y can be obtained by filtering and integrating the ac-
celeration signals measured from four accelerometers, Asf, Asr, Auf and Aur, in the SPM
and USPMs as given in Figure 2. As shown in Figure 4, the signals measured from four
accelerometers are filtered sequentially through a high-pass filter (HPF) and low-pass filter
(LPF) for the purpose of noise cancellation and DC blocking, respectively. The details of
the HPF and LPF can be found in the references [11,30–32].

Figure 4. Block diagram on calculation procedure of velocity and angular rate from acceleration signals.

With these signals, four types of SOF controller were proposed as (16), (17), (18) and
(19) in the previous work. In (16), uSOF is a standard form of SOF controller with two
control inputs and six output signals given in (15). On the other hand, there is the geometric
relationship between the pitch motion of the SPM and vertical motions of SPMFC and
SPMRC, as given in (4) and (5). Using this fact, uSSOF1 and uSSOF2 can be set as (17) and (18),
respectively. In (18), uSSOF2 is derived from the fact that uf and ur are calculated from vz,SPM
and ωy,SPM. As shown in (17) and (18), uSSOF1 and uSSOF2 use four and two output signals
in y, respectively. In (19), uSSOF3 is derived from the fact that uf and ur are calculated from
vz,SPMFC and vz,SPMRC, respectively. As shown in (19), uSSOF3 uses only two output signals
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in y. In uSSOF1, uSSOF2 and uSSOF3, the subscript SSOF represents a structured SOF (SSOF)
because the gain matrices, KSSOF1, KSSOF2 and KSSOF3, are structured in a particular way.

uSOF = KSOFy =

[
k1 k2 k3 k4 k5 k6
k7 k8 k9 k10 k11 k12

]
y (16)

uSSOF1 = KSSOF1y =

[
k1 k2 k3 0 0 0
k1 −k2 0 k3 0 0

]
y (17)

uSSOF2 = KSSOF2y =

[
k1 k2 0 0 0 0
k1 −k2 0 0 0 0

]
y (18)

uSSOF3 = KSSOF3y =

[
0 0 0 0 k1 k2
0 0 0 0 k2 k1

]
y (19)

To find an optimal gain matrix of the SOF controllers, the optimization problem is
formulated as (20). In (20), Ks is either KSOF or KSSOF1 or KSSOF2 or KSSOF3. The subscript
q is one of H and F, which represent (7) and (9), respectively. The second row of the
constraints in (20) means that the closed-loop system should be stable. This means that
the state-space equations, (8) and (10), can be used for designing the SOF controllers. If is
designed with the HCM, then the subscript q is H, and (8) and (11) are needed for controller
design. If is designed with the HCHBM, then the subscript q is F, and (10) and (12) are
needed for controller design.

min
KS

JSOF = trace
(
Pq

)

s.t.


Pq = PT

q > 0
max

(
Re

[
Aq + B2qKSCq

])
< 0(

Aq + B2qKSCq
)TPq + Pq

(
Aq + B2qKSCq

)
+Q+CT

q KT
S NT

q + NqKSCq + CT
q KT

S RqKSCq = 0

(20)

For optimization, this paper uses a heuristic optimization method, CMS-ES [33,34].
Let denote the resulting SSOF controllers from (20) as a LQ SSOF controller.

Let denote the SOF controllers, KSOF, KSSOF1, KSSOF2 and KSSOF3, designed with (8)
and (11) as LQSOFH, LQSSOFH1, LQSSOFH2 and LQSSOFH3, respectively. Let denote
the group of these LQ SOF controllers as LQSOF.HCM. Let denote the SOF controllers,
KSOF, KSSOF1, KSSOF2 and KSSOF3, designed with (10) and (12) as LQSOFF, LQSSOFF1,
LQSSOFF2 and LQSSOFF3, respectively. Let denote the group of these LQ SOF controllers
as LQSOF.HCHBM. Those SOF and SSOF controllers are compared with one another in
terms of ride comfort and motion sickness through simulation on CarSim.

2.3. Design of Adaptive Feedforward Controller with Filtered-X LMS Algorithm

The FxLMS has been applied to systems with delays from a reference signal to a
control input. A typical example is active noise control (ANC) and suspension control
with a wheelbase preview control scheme [35–43]. Based on the concept of the wheelbase
preview control scheme, this paper selects an FxLMS algorithm as an adaptive feedforward
controller when reducing ωy,SPM [27,28]. Figure 5 shows the block diagram of the FxLMS
algorithm where x(n), e(n) and u(n) are the reference, error and control signals, respectively.
The control signal, u(n), represents the vertical force generated in Sr, i.e., ur. In Figure 5,
P(z) and S(z) are the primary and secondary paths, respectively.
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Figure 5. Block diagram of FxLMS algorithm.

For FxLMS, this paper selects az,SPMFC as a reference signal because it can be easily
measured with Asf, as shown in Figure 2. For motion sickness mitigation, ωy,SPM is selected
as an error, e(n). As a result, FxLMS tries to reduce ωy,SPM while LQ SOF controllers try to
reduce az,SPM.

As shown in Figure 2, uf and ur of LQ SOF controllers are applied to Sf and Sr,
respectively. On the other hand, u(n) of the FxLMS is applied to Sr. Consequently, the
control input ur of LQ SOF controllers and u(n) of FxLMS are summed and applied to Sr.

For FxLMS, the secondary path, S(z), should be modeled by a FIR filter, C(z), which is
tuned by LMS algorithm. As a result, the estimate of the secondary path, C(z), is obtained
and used for FxLMS, as shown in Figure 4. In FxLMS, the filter coefficients, W(z), i.e., w(n),
is updated by the LMS update rule, as given in (21) [27,28]. In (21), µ is the learning rate.

w(n + 1) = w(n)− µe(n)x∗(n) (21)

3. Simulation and Discussion

To validate the LQ SOF controllers and FxLMS in terms of ride comfort and motion
sickness, a frequency response analysis is performed and a simulation is conducted on
MATLAB/Simulink, connected to the vehicle simulation package, CarSim.

3.1. Simulation Environment

The LQ SOF controllers, FxLMS algorithm and HBM were implemented in MAT-
LAB/Simulink. The vehicle model used for the simulation is the E-class sedan one given in
CarSim [44]. For the LQ SOF controller design, the parameters of the HCM are given in
Table 1 [10–12]. The parameters of the HBM were taken from the references [14–18]. ζi in
the LQ cost functions are given in Table 2. In Table 2, ζ8 is set to 2.0. If this value is set to a
lower value than 2.0, this can cause chattering in the responses. The actuators in Sf and Sr
were modeled with the first-order system with the bandwidth of 10 Hz. It is also assumed
that there are no limitations on the maximum force of the actuators.

Table 1. Parameters and values of the HCM referred to from the E-class sedan model in CarSim.

Parameter Value Parameter Value

ms 1653 kg mu 22.5 kg
Iy 2765 kg·m2 ktf, ktr 230,000 N/m
lf 1.402 m lr 1.646 m

ksf, ksr 34,000 N/m bsf, bsr 3500 Ns/m

Table 2. MAVs in LQ cost function.

ζ1 1.0 m/s2 ζ2 30.0 deg/s2 ζ3 2.0 deg/s ζ4 2.0 deg
ζ5 0.05 m ζ6 0.05 m ζ7 10,000.0 N ζ8 2.0 m/s2

As a road file for the simulation in CarSim, the bounce sine sweep road (BSSR) was
selected. The BSSR, given in CarSim, is shown in Figure 6, which is a sinusoidal bump with
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a decreasing wavelength and amplitude over time. The vehicle speed was set to 10 m/s or
36 km/h for the simulation on the BSSR.

Figure 6. Bounce sine sweep road profile.

3.2. Gains of LQ SOF Controllers

LQ SOF controllers were obtained by CMA-ES from the state-space equations of HCM
and HCHBM with LQ cost functions, (11) and (12). Tables 3 and 4 show the gain matrices
of LQSOF.HCM and LQSOF.HCHBM, respectively.

Table 3. Gain matrices of the LQ SOF controllers designed with the HCM.

Controller JH Gain Matrix

LQR 2169.7 KLQRH =

[
−8829 25124 27736 −197 2891 −10025 3066 −110
−12081 −29243 −322 28322 2008 9476 −110 3119

]

LQSOFH 2270.0 KSOF =

[
−6238 −171 2946 −113 −10993 9067
−11827 −8825 −114 2996 9677 −6005

]
LQSSOFH1 2276.8 KSSOF1 =

[
−8378 31097 3015 0 0 0
−8378 −31097 0 3015 0 0

]
LQSSOFH2 3191.2 KSSOF2 =

[
−6350 28763 0 0 0 0
−6350 −28763 0 0 0 0

]
LQSSOFH3 3190.5 KSSOF3 =

[
0 0 0 0 −12609 6254
0 0 0 0 6254 −12609

]

Table 4. Gain matrices of the LQ SOF controllers for the HCHBM.

Controller JF Gain Matrix

LQR 26,472.3 KLQRF

LQSOFH 27,008.1 KSOF =

[
−7391 4285 2990 −94 −12338 6795
−3433 −1630 −86 3006 4986 −13038

]
LQSSOFH1 27,014.1 KSSOF1 =

[
−12410 31304 3031 0 0 0
−12410 −31304 0 3031 0 0

]
LQSSOFH2 27,992.9 KSSOF2 =

[
−12259 29287 0 0 0 0
−12259 −29287 0 0 0 0

]
LQSSOFH3 27,996.9 KSSOF3 =

[
0 0 0 0 −15720 3575
0 0 0 0 3575 −15720

]

As shown in Table 3, the values of JH of the SOF and structure SOF controllers, i.e.,
LQSOFH and LQSSOFH1, and LQSOFH2 and LQSSOFH3 have almost the same as each
other. Similarly, as shown in Table 4, the values of JF of the SOF and structure SOF
controllers, i.e., LQSOFF and LQSSOFF1, and LQSOFF2 and LQSSOFF3 are nearly identical
to each other. From those results, it is expected that the controllers with nearly identical JH
or JF will show the same performance.

As shown in the tables, in terms of JH and JF, LQSSOFH2 and LQSSOFH3, and LQS-
SOFF2 and LQSSOFF3 have nearly identical values as each other for HCM and HCHBM,
respectively. These facts mean that LQ SOF controller with vz,SPM and ωy,SPM is equivalent
to that with vz,SPMFC and vz,SPMRC. As shown in (5), the elements, vz,SPM and ωy,SPM, of
the vector p can be converted into the elements, vz,SPM and ωy,SPM, of the vector zs, and
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vice versa. However, KSSOF3 is preferred to KSSOF2 because the former needs vz,SPMFC and
vz,SPMRC and does not need the conversion of (5).

From (16), the gain group (k1,k2,k7,k8) corresponds to vz,SPM and ωy,SPM and (k5,k6,k11,k12)
corresponds to vz,SPMFC and vz,SPMRC. In view of the above fact, one of the gain group
(k1,k2,k7,k8) or (k5,k6,k11,k12) is negligible in KSOF. If one of two groups is omitted, no matter
which is neglected, it is expected that the performance of the obtained controller is nearly
the same.

In Tables 3 and 4, the gain elements k4 and k9 of KSOF are quite small, compared to the
others. This means that vz,SSF and vz,SSR contributes only to uf and ur, respectively. Based
on this fact, KSSOF1 is proposed from KSOF. In view of the values of J, KSOF and KSSOF1
are superior to KSSOF2 and KSSOF3. The advantage of using the latter is that KSSOF2 and
KSSOF3 do not need vz,SSF and vz,SSR. On the other hand, if vz,SSF and vz,SSR can be measured
or estimated exactly, the control performance can be improved by KSSOF1, compared to
KSSOF2 and KSSOF3.

3.3. Frequency Response Analysis on SOF Controllers

With the LQSOF.HCM and LQSOF.HCHBM and the state-space equations of the
HCM and HCHBM, the frequency responses were drawn from zrf to az,HEAD, az,SPM
and ωy,SPM. Figures 7 and 8 show the frequency responses of the LQSOF.HCM and
LQSOF.HCHBM, respectively.

As expected in Tables 3 and 4, the LQSSOFH2 and LQSSOFH3 and the LQSSOFF2 and
LQSSOFF3 are almost the same as each other in the LQSOF.HCM and LQSOF.HCHBM,
respectively. Moreover, the LQSOFH and LQSSOFH1 and the LQSOFF and LQSSOFF1 are
nearly identical to each other in the LQSOF.HCM and LQSOF.HCHBM, respectively. From
the above results, KSSOF1 and KSSOF3 are selected for the simulation on CarSim.

As shown in Figures 7 and 8, KSSOF1 is better than KSSOF3, which is expected from
Tables 3 and 4. There are slight differences among LQSOF.HCM and LQSOF.HCHBM.
More specifically, the latter shows slightly better performance in reducing az,HEAD, az,SPM
and ωy,SPM over the range below 1 Hz. This is caused by the fact that the weight ζ8 on
az.HEAD is large, as given in Table 2. As a result, a large ζ8 has slight effects on the control
performance. On the other hand, if ζ8 becomes smaller, e.g., 2.0, it can cause chattering in
the time responses of az.SPM and az.HEAD due to higher gain.

3.4. Simulation with LQ SOF Controllers on Bounce Sine Sweep Road

With the LQ SOF controllers, the simulation is performed on the BSSR in CarSim
for comparison among those controllers. As mentioned earlier, KSSOF1 and KSSOF3 were
selected for the simulation in CarSim. Figures 9 and 10 show the simulation results of
KSSOF1 and KSSOF3 in LQSOF.HCM and LQSOF.HCHBM on the BSSR. Table 5 shows the
peak values obtained from the simulation results shown in Figures 9 and 10. In Table 5, all the
peak values were obtained over the range from 1 s to 9 s because the peaks are in the range.

Table 5. Summary of the peak values of KSSOF1 and KSSOF3 on the BSSR.

Model Controller az.SPM
(m/s2)

az.HEAD
(m/s2)

ωy.SPM
(deg/s)

Max Front F.
(N)

Max Rear F.
(N)

No Control 14.2 34.2 34.8

HCM
LQSSOFH1 2.6 4.5 5.5 5498 3049
LQSSOFH3 3.3 6.4 6.4 4035 2533

HCHBM
LQSSOFF1 2.1 4.1 5.9 6581 4098
LQSSOFF3 2.3 5.6 6.2 5137 3582
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Figure 7. Frequency responses of the LQ SOF controllers designed with the HCM. (a) az of the SPM;
(b) az of human head; and (c) ωy of the SPM.

Figure 8. Cont.
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Figure 8. Frequency responses of the LQ SOF controllers designed with the HCHBM. (a) az of the
SPM; (b) az of human head; and (c) ωy of the SPM.

Figure 9. Cont.
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Figure 9. Simulation results of LQ SOF controllers designed with HCM on the BSSR. (a) az of SPM;
(b) az of human head; (c) pitch rates of SPM; and (d) control inputs.

Figure 10. Cont.
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Figure 10. Simulation results of LQ SOF controllers designed with HCHBM on the BSSR. (a) az of
SPM; (b) az of human head; (c) pitch rates of SPM; and (d) control inputs.

As shown in these figures, KSSOF1 and KSSOF3 greatly reduced az.SPM, az.HEAD and
ωy.SPM. Especially, az.HEAD and ωy.SPM are significantly reduced over the entire frequency
range of the BSSR. KSSOF1 is better than KSSOF3, which is expected from Tables 3 and 4
and Figures 7 and 8. Moreover, as shown in Table 5, the controllers in LQSOF.HCHBM are
slightly better than those in LQSOF.HCM. The difference between them is that the term
related to az.HEAD was added into the JH of the HCM. This makes LQSOF.HCHBM slightly
better than LQSOF.HCM.

From those results, it is shown that LQSOF.HCM itself is very effective in reducing
az.HEAD and that LQSOF.HCHBM can improve the performance of LQSOF.HCM. For better
performance, it is recommended that the term az.HEAD should be included in the LQ
cost function.

Figures 9 and 10 show that there are slight differences between KSSOF1 and KSSOF3 as
shown in Table 5. This is not expected from the frequency responses given in Figures 7 and 8.
This fact is caused by the fact that the bandwidth of the actuators was limited to 10 Hz.

3.5. Simulation with LQ SOF Controllers and FxLMS on Bounce Sine Sweep Road

In this subsection, with the LQ SOF controller, KSSOF3, and FxLMS, the simulation is
performed on CarSim. KSSOF3 was selected because it requires only two sensor signals.
Figures 11 and 12 show the simulation results of the FxLMS, KSSOF3, KSSOF3+FxLMS,
where KSSOF3 was selected from LQSOF.HCM and LQSOF.HCHBM. Table 6 shows the
peak values obtained from the simulation results shown in Figures 11 and 12.

Table 6. Summary of the peak values of the LQ SOF controllers on the BSSR.

Model Controller az.SPM
(m/s2)

az.HEAD
(m/s2)

ωy.SPM
(deg/s)

Max Front F.
(N)

Max Rear F.
(N)

No Control 14.2 34.2 34.8

FxLMS 15.3 31.8 9.0 0 9174

HCM
LQSSOFH3 3.3 6.4 6.4 4035 2533

LQSSOFH3+FxLMS 3.4 8.6 3.8 3275 6420

HCHBM
LQSSOFF3 2.3 5.6 6.2 5137 3582

LQSSOFF3+FxLMS 2.9 6.2 3.7 4720 4948

Figures 11 and 12 and Table 6 show that LQSOF.HCM itself is very effective in reducing
az.SPM, az.HEAD and ωy.SPM and that the FxLMS reduced only ωy.SPM [12]. In other words,
ωy.SPM can be reduced further by applying the FxLMS with KSSOF3. As mentioned in the
previous subsection, LQSOF.HCHBM improved the performance of LQSOF.HCM. For
better performance, it is recommended that the term az.HEAD should be included in the
LQ cost function. However, if the FxLMS is applied with the LQ SOF controllers, az.SPM,
az.HEAD and ωy.SPM are slightly increased.



Actuators 2024, 13, 520 15 of 22

Figure 11. Simulation results of LQSSOFH3 and FxLMS on the BSSR. (a) az of SPM; (b) az of human
head; (c) pitch rates of SPM; and (d) control inputs.
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Figure 12. Simulation results of LQSSOFF3 and FxLMS on the BSSR. (a) az of SPM; (b) az of human
head; (c) pitch rates of SPM; and (d) control inputs.

Figures 13 and 14 show the frequency response plots of the simulation results given
in Figures 11 and 12. As shown in Figures 13 and 14, az.SPM, az.HEAD and ωy.SPM were
reduced within the frequency range from 0.1 to 3 Hz by the LQ SOF controllers and its
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combination with the FxLMS. These results mean that motion sickness is mitigated within
the frequency range defined in ISO2631-1. Moreover, the FxLMS is effective only when
reducing ωy.SPM. In other words, the FxLMS has little influence on reducing az.SPM and
az.HEAD. As discussed in the previous subsections, there are slight differences between
LQSOF.HCM and LQSOF.HCHBM.

3.6. Discussions on Implementation and Realizability of the Proposed Controllers in a Real Vehicle

As shown in Figures 9–12, the maximum forces of the active actuators used for the
simulation vary from 4000 N to 6000 N. The bandwidth of the active actuator was set to
10 Hz. In real vehicles, it is nearly impossible to implement the active actuator with the
maximum force of 6000 N and the bandwidth of 10 Hz. For this reason, this research is to
be regarded as a baseline on suspension controller design for ride comfort improvement
and motion sickness mitigation. Moreover, the results obtained from this paper can be used
to design a suspension controller with a semi-active suspension or a variable damper that
can be realizable in real vehicles.

Recently developed magneto-rheological (MR) dampers can be used as a realistic
actuator for suspension control for ride comfort improvement and motion sickness mit-
igation [45–48]. Figure 15 shows the damping forces of an MR damper with respect to
the suspension velocity and applied current [46]. As shown in Figure 15, the MR damper
has enough damping force to be used for vehicle suspension control. The size of this MR
damper is small enough to be installed in a real vehicle. Moreover, the commercial MR
damper, developed by Lord Corporation, can reduce the vertical acceleration of the sprung
mass within the range from 0 to 10 Hz [45]. From these facts, the MR damper can be
used for suspension control. In future work, the proposed algorithm will be tested on a
real vehicle equipped with an MR damper. Different from the active actuator, the control
performance will be deteriorated due to the semi-active nature of the MR damper.
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Figure 15. Damping force of an MR damper used for suspension control [46].

4. Conclusions

This paper presented a method to design a suspension controller with a human body
model for the purpose of reducing motion sickness. For the controller design, the half-car
and human body models (HCM and HCHBM) were adopted. Using these models, the
corresponding state-space equations were derived. To be implemented in real vehicles,
three types of structured SOF controllers were proposed. For the SOF controllers, six signals
were selected as an output. The LQ cost functions were defined for the HCM and HCHBM.
With the LQ cost functions and state-space equations for the HCM and HCHBM, LQ SOF
controllers were designed. To reduce the pitch rate of the sprung mass, the FxLMS was
designed and applied with the LQ SOF controllers.

To verify the performance of the LQ SOF controllers and FxLMS, a frequency response
analysis was performed and a simulation was conducted on vehicle simulation software,
CarSim. From the simulation results, the following conclusions were drawn:

• Among the LQ SOF controllers, it was shown that KSOF and KSSOF1, and KSSOF2 and
KSSOF3, are equivalent to each other, respectively. If the suspension velocities at the
front/rear corners of the sprung mass are selected as an output for the SOF controller,
it makes the difference between the two groups.

• The LQ SOF controller designed with the HCM (LQSOF.HCM) can effectively reduce
the vertical acceleration of a human head. If the LQ SOF controller is designed with
the HCHBM, it can improve performance over LQSOF.HCM. For better performance,
it is recommended that the LQ SOF controller should be designed with the HCHBM.

• The FxLMS can reduce only the pitch rate of the sprung mass. Instead, performance of
the LQ SOF controllers is slightly deteriorated in terms of the vertical acceleration of
the SPM.

To sum up, the proposed LQ SOF controllers and FxLMS are effective for ride comfort
improvement and motion sickness mitigation in that the combined controller can reduce
the vertical acceleration and the pitch rate of the sprung mass within the range of 0.8~8
Hz. Moreover, the LQ SOF controllers can reduce the vertical acceleration and the pitch
rate within the frequency range of 0.2~3 Hz, which satisfies the motion sickness mitigation
defined in ISO2631-1.

As given in the simulation results, the maximum actuator force of the active actuator is
too large to be realized in real vehicles. Moreover, a high bandwidth over 10 Hz is required
for good performance. However, it is nearly impossible to implement this type of active
actuator in real vehicles. Instead of the active actuator, semi-active actuators such as a
variable damper or an MR damper, which can be implemented in real vehicles, can be used
as an actuator for suspension control in future research. For that purpose, this research can
be used as a baseline.
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Nomenclature

Asf, Asr accelerometers attached on the front/rear corners of a sprung mass
Auf, Aur accelerometers attached on the front/rear wheel centers
HCM half-car model
HBM human body model
HCHBM combined half-car and human body models
LQR linear quadratic regulator
LQSOF linear quadratic static output feedback
LQSSOF linear quadratic structured static output feedback
SOF static output feedback
SPM sprung mass or vehicle body
SPMFC front corner of sprung mass
SPMRC rear corner of sprung mass
SSF, Sf front suspension
SSR, Sr rear suspension
SSE state-space equation
SSOF structured static output feedback
WBPCS wheelbase preview control scheme
a, b distances from center of gravity of a sprung mass to front/rear corners (m)
az vertical or heave acceleration (m/s2)
az,HEAD vertical or heave acceleration of a human head (m/s2)
az,SPM vertical or heave acceleration of a sprung mass (m/s2)
az,SPMFC vertical or heave acceleration at front corner of a sprung mass (m/s2)
az,SPMRC vertical or heave acceleration of rear corner of a sprung mass (m/s2)
az,USPM vertical or heave acceleration of an unsprung mass (m/s2)
bi damping coefficient of a human body component (N·s/m)
bsf, bsr damping coefficient of a damper at front/rear suspensions (N·s/m)
Iy pitch moment of inertia (kg·m2)
JH, JF LQ cost function used for LQ controllers from HCM and HCHBM
ki stiffness of a human body component (N/m)
ksf, ksr stiffness of a spring at front/rear suspensions (N/m)
ktf, ktr stiffness of front/rear tires (N/m)
ms sprung mass (kg)
muf, mur unsprung mass under front/rear suspensions (kg)
uf, ur forces generated by an actuator at front/rear suspensions (N)
vz vertical velocity (m/s)
vz,SPM vertical or heave velocity of a sprung mass (m/s)
vz,SSF suspension velocity of front suspension (m/s)
vz,SSR suspension velocity of rear suspension (m/s)
vz,USPM vertical or heave velocity of an unsprung mass (m/s)
zc heave displacement at center of gravity of a sprung mass (m)
zrf, zrr road elevation acting on front/rear tires (m)
zsf, zsr vertical displacement of front/rear corners of a sprung mass (m)
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zuf, zur vertical displacement of front/rear wheel centers (m)
ξi maximum allowable value (MAV) of weight in LQ cost function
ωy,SPM pitch rate of a sprung mass (rad/s)
ρi weight in LQ cost function
θ pitch angle of a sprung mass (rad)
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