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Abstract: A multi-objective intelligent optimization algorithm-based attitude control strategy for
magnetorheological semi-active suspension is proposed to address the vehicle attitude imbalance
generated during steering and braking. Firstly, the mechanical properties of the magnetorheological
damper (MRD) are tested, and the parameters in the hyperbolic tangent model of the magnetorheo-
logical damper are identified through experiments. Secondly, a simulation model of the whole vehicle
multi-degree-of-freedom vehicle dynamics including magnetorheological damper is established, and
the whole-vehicle Linear Quadratic Regulator (LQR) controller is designed. Then, the optimiza-
tion design model of the joint vehicle controller and vehicle dynamics is established to design the
optimization fitness function oriented to the body attitude control performance, and the attitude
optimal controller is calculated with the help of multi-objective intelligent optimization algorithm.
Simulation results show that the proposed control method is able to improve the body roll angle,
body pitch angle, and suspension dynamic deflection well on the basis of ensuring no deterioration
in other performance indexes, ensuring good attitude control capability of the vehicle and verifying
the feasibility of the control strategy.

Keywords: magnetorheological damper; semi-active suspension; body attitude control; MOPSO-
LQOR control

1. Introduction

As one of the most important components of a vehicle, the suspension system is
responsible for supporting the body, damping vibrations, keeping the wheels in contact
with the ground, and providing comfort and maneuverability. In the process of vehicle
driving, the suspension system has a key role in improving the safety of vehicle driving and
driver comfort [1]. As automotive technology has evolved, so have suspension systems.

Vehicle suspension systems can be classified into passive suspension, semi-active
suspension, and active suspension based on the way the control force occurs, in which
semi-active suspension has the advantages of low energy consumption, strong robustness,
and high cost-effectiveness while improving vehicle stability and ride comfort [2,3]. Cur-
rently, there are two main types of actuators for semi-active suspensions: solenoid valve
dampers and magnetorheological dampers [4]. Magnetorheological dampers are widely
used in actuators, and some scholars have applied magnetorheological dampers to vehicle
engine mounts and vehicle braking buffering processes [5,6], and the effects are remark-
able. Meanwhile, magnetorheological dampers (MRDs) are simple and low-cost, with fast
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response speed, low energy consumption, and adjustable direction of the output damping
force during use, which can effectively improve the performance of the suspension in the
application of semi-active suspensions, and have good research value [7,8]. By analyzing
the damping characteristics of magnetorheological dampers, the establishment of an appli-
cable and efficient magnetorheological damper model is the basis for magnetorheological
dampers to give full play to their dynamic characteristics. For the establishment of mathe-
matical models of magnetorheological dampers, many scholars have conducted research,
and the mathematical models involved mainly include sigmoid model [9], neural network
model [10], Bingham model, Bouc-Wen model [11], polynomial model [12], Jiles—Atherton
model [13], and Hyperbolic tangent model, among others. The MRD hyperbolic tangent
model uses the hyperbolic tangent function to describe the hysteresis properties [14], which
can represent the rheological properties of magnetorheological fluids well and can be ap-
plied to different types of magnetorheological fluids as well as various application scenarios.
In addition, the MRD hyperbolic tangent model is simple, has good flexibility and fitting
accuracy in the process of MRD parameter identification, and also has high efficiency in
computation, which has a wide range of applications in practice.

For the control of semi-active suspensions with magnetorheological dampers, a large
part of the methods and theories of modern control theory can be applied to the control of
semi-active suspensions, such as canopy control [15], robust control [16], fuzzy control [17],
floor-shelter control, optimal control [18], and so on. Many scholars have fused the basic
control methods to obtain, for example, adaptive fuzzy control [19], fuzzy sliding film
PID control [20], smooth canopy control [21], and PID-LQR control [22]. In addition,
some scholars have also integrated Kalman filtering [23] and intelligent optimization
algorithm [24] into LQR control to obtain a more effective control method. However,
the existing research on vehicle vertical motion control mainly focuses on the quarter
suspension system, and there are relatively few studies on the whole vehicle attitude
control involving semi-active suspension.

This paper establishes a seven-degree-of-freedom vehicle semi-active suspension
model considering road excitation and longitudinal and lateral inertial acceleration, and
obtains a hyperbolic tangent model of MRD, which can describe well the characteristics of
MRD, through the experiments on the damping characteristics of MRD. The LQR control
strategy is adopted to design the objective function with the main control objectives of body
roll angle, body pitch angle, and suspension dynamic deflection characterizing the body
attitude, and the multi-objective particle swarm algorithm is used for the controller design.
Under the condition of ensuring that the remaining control variables will not change too
much, the whole-vehicle LQR control strategy mainly focusing on body attitude control
is designed and analyzed by numerical simulation. The body vertical acceleration, body
pitch angle, body roll angle, suspension dynamic deflection, and tire dynamic deformation
are used as the evaluation indexes. The obtained simulation results are compared with the
uncontrolled passive suspension and traditional LQR semi-active suspension in the time
and frequency domains to verify the effectiveness of the control strategy.

2. Damping Characteristic Test and Model of Magnetorheological Damper

The MRD hyperbolic tangent model utilizes the characteristics of the hyperbolic
tangent function, which can describe well the characteristics of MRD. The relevant pa-
rameters in the hyperbolic tangent model can be obtained by experiments for parameter
identification. The hyperbolic tangent model can be expressed as follows:

F = aytanh(az(v + kos)) + az(v + kox) — ag, 1)

where a7 and kg are scaling factors, a, and a3 are damping coefficients, a4 is the offset
damping force, and s and v are the expansion and contraction displacement and expansion
speed of the damper, respectively.
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Damping characteristics are tested using sinusoidal excitation, sinusoidal test peak
speed is taken as 0.1 m/s, and the relationship between the parameter al and the current I
under the action of different currents is shown in Figure 1.
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Figure 1. al-I curve.

From Figure 1, it can be seen that the parameter al is a primary function of the current
input I. Therefore, the hyperbolic tangent model can be rewritten as follows by a; =al + b.

F = (aI + b)tanh(ax(v + kos)) + as(v + kox) — ag, )

A linear fit gives a = 317.4 and b = 119.8; I is the drive current input.
The output damping force—displacement curves under different currents are shown in
Figure 2, and the output damping force-velocity curves are shown in Figure 3.
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Based on the test data of the magnetorheological damper, the parameters of the
hyperbolic tangent model of the magnetorheological damper can be determined by using
genetic algorithm [25] for parameter identification, as shown in Table 1.

Table 1. Parameter identification results.

ay k() az dag S
10.4223 0.8724 2357.3009 123.8307 39.51

The MRD hyperbolic tangent inverse model can be obtained from Equation (2) as follows:

F—a3(v+kox) +ay
tanh(az (U + kQS))

I= p , (©)

3. Multi-Degree-of-Freedom Vehicle Model

In order to better characterize the body attitude, this paper establishes a multi-degree-
of-freedom vehicle dynamics model including the body droop, pitch, and roll motions as
well as the unsprung mass droop motion, as shown in Figure 4.

Figure 4. Multi-degree-of-freedom dynamics model.

According to Newton's second law, the equation of vibration at the center of mass of
the sprung mass is given by the following equation:

4
mszg = Z i 4)
i=1

where m; denotes the sprung mass, zg denotes the vertical displacement of the sprung mass,
and i =1, 2, 3, 4, denotes the left front wheel, left rear wheel, right front wheel, and right
rear wheel. F,; denotes the total suspension force of the ith wheel, which is the sum of the
damping, elastic, and actuating forces. F;; can be expressed as follows:

Fsi = ksi(zui - Zsi) + Csi(zui - Zsi) =+ Fm’ (5)

where k;; and ¢,; represent the suspension stiffness and damping of the ith wheel, respec-
tively, F,; denotes the ideal damping force for the suspension of the ith wheel, and z,; and
Zsi show the unsprung mass displacement and sprung mass displacement of the ith wheel.

The equations of motion for the rolling and pitching of the sprung mass under inertial
acceleration are, respectively, as follows:

Ix¢ = (Fsl - FS3)L3 + (FSZ - Fs4)L4 + msaydr + msgdrﬁl) (6)

Iyé = (F52 + Fs4)L2 — (Fsl + Fs3)L1 + msaxdp + msgdpe (7)
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where I and I, denote the lateral and pitch moment of inertia of the sprung mass, respec-
tively; ¢ and 6 denote the roll and pitch angles of the sprung mass, respectively; L1 and
L, denote the distances from the front axis to the center of mass and the distance from
the rear axis to the center of mass; L3 and L4 denote the front half-axis wheelbase and the
rear half-axis wheelbase; ax and a, denote the longitudinal and lateral inertial acceleration
acting on the body; ¢ is the acceleration of gravity; d, and d, denote the distance from the
center of mass of the sprung mass to the pitch and roll axes.
The vibration equation for an unsprung mass is as follows:

MyiZyi = kii(zgi — zui) — Fi 8)

where m,; denotes the unsprung mass of the ith wheel, k;; is the tire stiffness of the ith
wheel, and Zgi is the road input of the ith wheel.

When the roll angle and pitch angle are varied in a very small range, the displacements
of the ith wheel’s sprung mass are, respectively, as follows:

z1 =29 — L160 + L3¢
zp = zg + L0 + Ly¢p

z3 =2z9 — L16 — L3¢ ©)
Z4 = 209 + L29 — L44)
Define Mg = diag(ms, I, 1), Cs = diag(cs1,Cs2,Cs3,Csa),

Ks = diag (ks ke, ke, kes), Ke = diag(kpy ki, kiz, kia), Zs = [20,4,6]", Zu = [2u1, Zu, 23, Zua)
1 1 1 1

Zg = [Zg1,2g2,2g3,2g4]T/ F, = [Fu,FoFaFg’, L = | Ls Li —Ly —L4,
—-L; L, -L1 L
0 0 0 0 0
Ly = |Msdr JLyp = |0 msgdy 0
0 msdy 0 0 msgdy

With the above definitions, the vibration equations for the sprung mass, the lateral
dip and pitch equations, and the vibration of the unsprung mass can be rewritten in the
matrix form:

MsZs = LKs(Zy — LTZs) + LCs(Zy — LTZs) + LF, + Lyt Za + LinZs (10)

MyZy = Ki(Zg — Zy) — Ks(Zu — L"Zs) — Cs(Zy — LT Zs) — F, (11)
[ Zs ] .
. Z
Zs S
T Zs
Selection of state variables: X = |[Zu—L"Zs|, output variables ¥ = 7 [T7.|”
ZG . ZU u S
. Zg—Zu
Zy

control force input U = F,, the systeﬁl perturbati_on W = Zg, expressed in the matrix form
as a state equation of the form:

X = AX + BU+ GW

12
Y =CX+ DU+ HW (12)
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03x3 13x3 034 O34 034 O34
Mi'Lyy, —Mg'LCsLT  Mg'LKs  03es  Mg'LCs ML
where A = | Osx3 —-LT Ogx4 Ogx4 Tyxa ,B=| Oaxs
O4x3 0O4x3 Ogx4 Ogx4 —Tgxq Ogx4
043 Mg'CsLT  —M'Ks MG'Ke —My'Gs -Mg'
18x18 18x4
[ O3x2 O34 . 4 T . .
o Mg'Lyy —Mg'LCLT  M'LKs 0Oy Mg'LCs
Ms Lml O3><4
1343 O3x3 O34 O34 O34
G=| Oix2 O4x4 ,C = i
O4x3 O4x3 lyxq Ogx4 Ogxa
O4x2 lyxa
O4x3 O4x3 Ogx4 l4xa Ogxq
Ogx2 O4x4 14x18
L 186
-MglL Mganzl 034
034 O3x2 O34
D= JH =
Ogx4 O4x2 Ogx4
04><4 04><2 04x4
14x4 146

MRD can only output the force in the same direction as the piston velocity because it
has the output characteristics expressed in Equation (13). When the ideal damping force F,
is input to the inverse model of MRD, it is necessary to judge the direction of the control
force and the piston’s velocity, and it should be set to zero in order to avoid the opposite
control effect when the control force is opposite to the piston’s velocity.

E, FE-(Zy—L"Zg) >0

Fyvrp = (13)

0 F-(Zyu—L"TZs) <0

4. Design of Controller

The controller is divided into two parts, LOR controller is used in the bottom layer
and multi-objective optimal matching layer is used in the top layer.

4.1. Design of the Underlying Controller

The optimal control of Linear Quadratic Regulator (LQR) is a classical multivariable
control with state feedback to design the control law. The design objective of LQR controller
is to balance the system performance and the control cost by minimizing the weight sum of
the system’s state quantities [26]. The LOR cost function is chosen as follows:

J= / YTQY + uTRU]dt (14)
0
where the input and output weight matrices are, respectively, as follows:
Q = diag(q1,92,93,94 - - - - -- q14) (15)

R = diag(r1,12,73,74) (16)

In the weight matrix, q is the output weight coefficient, and r is the input weight
coefficient. g and r reflect the relative importance of the output and input. The standard
form of LQR control can be obtained by modifying the above equation:

R H

where E = CTQC,F = DTQD + R, N = CTQD.
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By solving the Riccati equation of the following form,
ATP4+PA— (PB+N)F Y (BTP+NT)+E=0, (18)
the feedback gain matrix can be obtained
K=FYBTP+NT); (19)
then, the final control law is
U= —-KX (20)

4.2. Multi-Objective Particle Swarm Joint Optimization Design

The multi-objective parametric optimization problem of this paper is described as follows:

Fitness(x) = { ({)f,nairlz{fl(x)/fz(X),- - fa(x)},x € T, 3K o

where f(x) is the design objective function, # is the number of objective functions, T is the
constraints, and () is the penalty function.

4.2.1. Design Objectives

In this study, the body roll angle, body pitch angle, and suspension dynamic deflection,
which characterize the body attitude, are mainly taken as the main control objectives, so
that the body attitude can be well controlled under the circumstance of ensuring that the
rest of the control variables will not change too much. Therefore, the designed objective
function is selected as follows:

(1) Selection of body roll angle, body pitch angle, and suspension dynamic deflection
characterizing the control of the body attitude.

RMS(¢) = RMS(0)  RMS(Zy —LTZs)
= 22
A& = Rspie) T RMSp(©) T RMSp(Zyy = 1729) 2)
where RMS(¢), RMS(9), and RMS(Zy; — LTZs) are the root mean square values of the
semi-active suspension body roll angle, pitch angle, and suspension dynamic deflection,

and RMSp(¢), RMSp(6), and RMSp(Zy; — LTZs) are the root mean square values of the
passive suspension body roll angle, pitch angle, and suspension dynamic deflection.

(2) Selection of body vertical acceleration, body roll acceleration, and body pitch accelera-
tion to characterize ride smoothness.

Hlx) = RMS(Zs)  RMS(¢)  RMS(6)
RMSp(Zs) RMSp(¢)  RMSp(0)

(23)

where RMS(Z s), RMS((f)), and RMS(é) are the root mean square values of the semi-active
suspension body vertical acceleration, body roll acceleration, and body pitch accelera-
tion, and RMSp(¢), RMSp(), and RMSp(Zy; — LTZs) are the root mean square values
of the passive suspension body vertical acceleration, body roll acceleration, and body
pitch acceleration.

(3)  Selection of tire dynamic deformation to characterize handling stability

_ RMS(Zg — Zu)
S = RMi8p (Z6 = 71
where RMS(Zs — Zy;) is the root mean square value of the semi-active suspension tire dy-

namic deformation, and RMSp(Zg — Zy;) is the root mean square value passive suspension
tire dynamic deformation.

(24)
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(4) Establishment of comprehensive evaluation indicators through the above three objec-
tive functions:

fa(x) = w1 f1(x) + azfo(x) + asfz(x) (25)

« is the weighting factor, taking ay = 0.5, ap = 0.25, and a3 = 0.25, making the overall control
effect tilted towards the body attitude.

4.2.2. Variable and Penalty Function Design

The design variables are

X = [‘71/ QZ/ o 'ql4/ 1, 7’4] (26)

Based on the symmetry of the dynamics model, there are q7 = qs = q9 = qi0,
qu1 =q12 = q13 = q14, 1 =12 =13 = I4.

According to the characteristics of the LQR optimal controller, if the Hamiltonian
matrix of the system does not have an eigenroot on the imaginary axis of the complex
coordinate system, then the controller will not be able to compute the gain matrix K, and
the optimal design process will be erroneous and interrupted. In order to avoid this and
keep the population away from erroneous solutions, it is necessary to design a penalty
function that is consistent with the dimensionality of the objective space.

Q={5,6,-,0}, (27)

where § is the larger positive number.

If the gain matrix K cannot be calculated, then the value of the fitness function fitness(x)
will not be available. At this point, a larger value can be assigned to fitness(x) as a solution.
The optimization algorithm will automatically exclude this poorer solution and steer the
population away from this solution to avoid interruption of the iterative process.

4.2.3. Optimizing the Design Process

The design objective dimension 7 = 4 and design variable dimension m = 9 are summed
up in this study.
The optimal design flow of multi-objective particle swarm algorithm is shown in Figure 5.

4.2.4. Multi-Objective Particle Swarm Algorithm Parameter Selection

The selection of the parameters of the particle swarm algorithm has a great impact
on the results of the optimization design. The population size and the number of iteration
steps are two key parameters, which together determine the length of the iteration time and
the accuracy of the calculation results. In this study, according to the specific calculation
conditions, the population size of 500 is selected, the maximum iteration step is 1000 steps,
and the upper limit of the external set is set to [;;4x = 500.

Inertia weights Wf are used to balance global and local search. A larger Wf usually
has stronger global search capability, while a smaller Wf is better at local search. In this
study, the inertia weight Wf is used to change linearly with the iteration steps, with Wf
of 0.7 at the beginning and 0.4 at the end, so that the algorithm has a strong global search
capability at the beginning of the iteration and enhances its local search capability at the
end of the iteration.

The weighting factors Ry and R, are used to characterize how much weight the
particle population gives to individual experience versus global experience in the search
direction selection process. They are usually set as standard weights, i.e,, Ry = R, =2,
implying that individual experience is given the same weight as global experience in the
decision-making process.
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Figure 5. Flowchart of multi-objective particle swarm algorithm.

The penalty coefficient ¢ takes a large positive number; in principle, the penalty
coefficient § needs to be much larger than the value of the objective function, and in this
study, 6 =1 x 10°.

5. Comparative Simulation Analysis

In order to verify the effectiveness of the design strategy, the passive suspension and
semi-active suspension are analyzed by numerical simulation using random road excitation.
The stochastic pavement excitation adopts the filtered white noise time domain pavement
input model [27], which is as follows:

q(t) = —27foq(£) + 271/, (no)uaw () (28)

where is the lower cut-off frequency of fy, u is the vehicle traveling speed, w(t) is the
uniformly distributed white noise, and S4(1) is the pavement unevenness coefficient.
In this study, we use class C pavement as the random pavement input, the unevenness
coefficient of class C pavement is S4(119) = 0.000256, and the lower cut-off frequency is taken
as fo = 0.07.
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5.1. Vehicle Simulation Parameter Selection

The parameters of the whole vehicle used for simulation are shown in Table 2.

Table 2. Vehicle parameters.

Parameters

Sprung mass
Pitch inertia
Roll inertia
Front suspension stiffness
Rear Suspension stiffness
Front suspension damping
Rear suspension damping
Unsprung mass at front wheels
Unsprung mass at rear wheels
Front tire stiffness
Rear tire stiffness
Centroid to front axle distance
Centroid to front axle distance
Front half shaft distance
Rear half shaft distance

Value Unit
1400 kg
2100 kg-m?

450 kg-m?

21,500 N/m

22,500 N/m
1700 N/(m-s1)
1700 N/(m-s~1)
405 kg
45.4 kg

180,360 N/m

170,360 N/m
14 m
1.7 m
0.75 m
0.75 m

In the simulation, the longitudinal inertial acceleration of the vehicle is taken as
a, = —6 m/s2, the lateral inertial acceleration is taken as ay=4m /s%, and the initial velocity

vg=15m/s.

5.2. Pareto Typical Solution Selection

By selecting the fitness values of different objective functions as the x, y, and z axes,
the objective Pareto front view can be obtained as shown in Figure 6. The solutions in the
Pareto optimal solution set satisfy the non-dominated relationship with each other.

ion (. 3)°

)
s
&

Logg

Objective Funct

Figure 6. Pareto front viewable view.

~
e
&

tion (. 4)

Objective Fun c

Pareto solution is a set of non-dominated solutions; in order to select representative
solutions from these solutions as the required weight coefficients, this paper adopts the
fuzzy set theory for the preference to eliminate the influence of human factors on the
selection of the optimal solution [28]. The affiliation function is defined as follows:

sl —

1

0, fl = fre
S —fi ; j

frax g S < S < S (29)
1 1

L fi < f
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where S/ and f/ are the affiliation value and current value of the ith optimization objective of
the jth solution; ;" and f;"* are the minimum and maximum value of the ith optimization
objective in the solution set.
The dominant function is defined as follows:
n I n
o= 2SI/ (2 S (30)
i=1 j=1i=1

1=

where 7 is the number of objective functions; in this study, n = 4; | is the number of solutions
in the external set.

According to the above equation, the dominance values of all solutions in the external
set are calculated, and the solution with the largest dominance value is selected as the
typical solution of the Pareto optimal solution set, as shown in Figure 7.

0.0023

Canonical Solution

Dominance Value
o s o o
S 8 8 8
S & E B

0 50 100 150
Solution Numbering

Figure 7. Dominance value of each solution.

5.3. Damping Force Analysis

Magnetorheological damping has a millisecond response speed, far exceeding that of
conventional damping-controlled dampers. Magnetorheological dampers can adjust the
magnitude of the damping force by the magnitude of the current, thus achieving continu-
ously adjustable damping. The actual damping force Fyjrp output from the magnetorheo-
logical damper and the ideal damping force F, obtained from the controller calculation are
shown in Figure 8.

100
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5] 0 [}
2 ! 2 o
2 100 2
= [ h h Ly, on 100
& 200 s ABE BRG] (N e o
o= viaty U R (P ‘\‘3 Kl 2 v ‘= 5004
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£ 3004 | . 1 ? g
< TN : - < -300 4
0O 400 b . [a)
' — Furo -400
-500 T T T T i
0 1 2 Time/s 3 4 5 0 1 2 Time/s 3 4 s
(a) (b)
400 400
° I © H 4
8 a0+ —Fuo 2 7 i i 1
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B 2004 fif i : H ) R 2007 1 ML 3 RV gy H" o
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a. 100} . d f il o i d
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<IN 1 1 : 15 AL Il | s
a p ) —---F,
! ; -100+ — Fuo
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0 1 2 Time/s 3 4 s g 1 2 Timess 3 4 s
(c) (d)

Figure 8. Damping force comparison: (a) damping force of the left front tire; (b) damping force of the
left rear tire; (c) damping force of the right front tire; and (d) damping force of the right rear tire.

As shown in Figure 8, the hyperbolic tangent model of the magnetorheological damper
can generate the damping force well according to the input current, and the generated
damping force is very close to the ideal damping force calculated by the controller. This
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study focused on the attitude control of the car body and considers both lateral and
longitudinal inputs when building the dynamics model, so the ideal damping force will
be biased in a certain direction, and the actual damping force obtained in the end shows

similar characteristics.

5.4. Time Domain Response Analysis
Table 3 shows the comparison of the root mean square plant for each evaluation metric.

Table 3. Root mean square plant for each evaluation metric.

Passive LOR Semi-Active MOI"SO-L.QR Relative Rate of Change/%
Suspension Suspension Seml-Act.lve Passive LQR Semi-Active
Suspension Suspension Suspension

Body roll angle 2.0258 1.844 1.6832 16.92 8.72

Body pitch angle 0.3852 0.3570 0.3198 17.65 10.42

Body vertical acceleration 0.2914 0.2793 0.3012 —3.37 —7.84
Body roll angle acceleration 0.7037 0.6855 0.6578 6.53 3.96
Body pitch angle acceleration 0.2562 0.277 0.2657 -3.71 4.07
Left front suspension deflection 0.0300 0.0269 0.0248 17.42 7.8

Left rear suspension deflection 0.0169 0.0169 0.0134 20.93 20.93
Right front suspension deflection 0.0172 0.0159 0.0139 19.25 125
Right rear suspension deflection 0.0296 0.0249 0.0245 17.37 1.6
Left front tire dynamic deformation 0.0039 0.0039 0.0038 2.56 2.56
Left rear tire dynamic deformation 0.0027 0.0028 0.0027 0 35
Right front tire dynamic deformation 0.0026 0.0027 0.0027 —2.64 0

Figure 9 shows that the time domain response curves characterize the body attitude con-
trol quantities such as body roll angle, body pitch angle, and suspension dynamic deflection.
Table 3 shows the comparison of the root mean square plant for each evaluation metric.
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Figure 9. Time domain response curve of body attitude: (a) body roll angle; (b) body pitch angle;
(c) left front suspension deflection; (d) left rear suspension deflection; (e) right front suspension

deflection; and (f) right rear suspension deflection.
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As shown in Figure 9, the MOPSO-LQR controlled semi-active suspension is relieved
in body pitch angle, body roll angle, and suspension dynamic deflection. Combined with
the comparison of the root mean square values in Table 3, it can be seen that the root mean
square plant MOPSO-LQR semi-active suspension reduces the body lean angle and body
pitch angle by 16.92% and 7.31% compared to the passive suspension, and the suspension
dynamic deflection is reduced by 18.74% on average for all four wheels. Compared with
the LQR semi-active suspension, the MOPSO-LQR semi-active suspension reduces the
body roll and pitch angles by 8.72% and 10.42% and reduces the suspension dynamic
deflection by an average of 10.71% in all four wheels, which achieves a good control of the
body attitude.

Figure 10 shows the time domain response curves of body vertical acceleration and
tire dynamic deformation.

Body Vertical Acceleration/(m/s2)
- =3
>

Tire Dynamic Deformation/m

Tire Dynamic Deformation/m

t T T
0 1 2 Timels 3

(b)

— = Passive Si

Tire Dynamic Deformation/m
Tire Dynamic Deformation/m

i Time/s 3 4 s
(d)

Figure 10. Time domain response curves of vertical acceleration and tire dynamic deformation:

(a) body vertical acceleration; (b) dynamic deformation of the left front tire; (¢) dynamic deformation
of the left rear tire; (d) dynamic deformation of the right front tire; and (e) dynamic deformation of
the right rear tire.

As can be seen from Figure 10, the body vertical acceleration and four-wheel tire
dynamic deformation did not change significantly, when combined with the root mean
square plant comparisons in Table 3. Compared to passive suspension, MOPSO-LQR
semi-active suspension body vertical acceleration worsened by 3.37%, and for the four-
wheel tire dynamic deformation, the right front tire worsened by 2.64%, while the left front
tire and right rear tire improved by 2.56% and 2.33%, respectively. In addition, the body
pitch angle acceleration worsened by 3.71% and the body roll angle acceleration improved.
Compared to the LOR semi-active suspension, the MOPSO-LQR semi-active suspension
has a more severe deterioration in body droop acceleration but has improvements in
three areas: body roll acceleration, body pitch acceleration, and tire dynamic deformation.
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The results show that although some indicators have deteriorated, the deterioration is
within acceptable limits.

5.5. Frequency Domain Response Analysis

The time domain analysis is only for specific pavement conditions and does not reflect
the response under other conditions, so the system needs to be analyzed in the frequency
domain. The exogenous excitation is taken as a new input to the system, and the obtained

control law is substituted into the state equation of the system to obtain the following;:

X = (A—BK)X +GW (31)
Y = (C— DK)X + HW

The input-output correspondences of interest therein are listed in Table 4.

Table 4. Correspondence between key inputs and outputs.

Body Vertical . Suspension Tire Dynamic
Acceleration Body Roll Angle Body Pitch Angle Deflection Deformation
Lateral
accelerations % v v
Longitudinal
acceleration v v v
Road input v Vv v

The frequency domain response curve of the road input to a typical output is shown
in Figure 11.
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Figure 11. Frequency domain curve of road input against typical output: (a) road input to body

vertical acceleration; (b) road input to suspension dynamic deflection; and (c) road input to tire
dynamic deformation.

As can be seen from Figure 11, for the MOPSO-LQR semi-active suspension, the
body vertical acceleration response due to road excitation is reduced, and the suspension
deflection response and tire dynamic deformation response are improved in the low-
frequency band, but the responses are still in the reasonable range. In the range of 1-10 Hz,
the suspension deflection response and tire dynamic deformation response are lower

than the response of the passive suspension and LOR semi-active suspension, and the
performance is improved.
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The frequency domain response curve of lateral acceleration to a typical output is
shown in Figure 12.
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Figure 12. Frequency domain curve of lateral acceleration against typical outputs: (a) lateral accel-
eration to body roll angle; (b) lateral acceleration to suspension dynamic deflection; and (c) lateral
acceleration to tire dynamic deformation.

Steering operations tend to be low-frequency operations, so the results of interest for
the response due to inertial acceleration induced under steering conditions are dominated
by the low-frequency band response. Comparing the body roll angle, suspension deflection,
and tire dynamic deformation due to lateral inertial acceleration, the response of MOPSO-
LOR semi-active suspension is better than the passive suspension response and the LOR
semi-active suspension in the low-frequency band. In addition, it is obvious from Figure 12b
that there is a trapping effect on the dynamic deflection response of the suspension at 10 Hz
for the passive suspension. If such an operation exists, there is no suspension deformation
at this point, allowing energy to be transferred to the body, which can easily cause a rollover
to occur, and the MOPSO-LQR semi-active suspension improves this phenomenon more
than the LQR semi-active suspension.

The frequency domain response curve of longitudinal acceleration to a typical output
is shown in Figure 13.

The operation under braking conditions is similar to that under steering conditions,
and the response due to longitudinal inertial acceleration is mainly in the low-frequency
band. As can be obtained from Figure 13, the body pitch angle, suspension deflection,
and tire runout under the influence of longitudinal inertial acceleration, the response of
MOPSO-LQR semi-active suspension is better than the response of passive suspension
and LQR semi-active suspension at the low-frequency band. Figure 13b shows that, under
braking conditions, the passive suspension also has a trapping effect on the suspension
dynamic deflection response at 10 Hz, while the MOPSO-LQR semi-active suspension
does not exhibit this phenomenon, and the improvement is higher than that of the LQR
semi-active suspension.

In summary, in terms of frequency domain response, compared with the passive
suspension and LQR semi-active suspension, the MOPSO-LQR semi-active suspension
system can achieve multi-objective balance, which can significantly improve the response
of body roll, pitch, and suspension dynamic deflection, especially in the low-frequency
band, and demonstrates a very good body attitude control effect.
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Figure 13. Frequency domain curves of longitudinal acceleration against typical outputs: (a) longitu-

dinal acceleration to body pitch angle; (b) longitudinal acceleration to suspension deflection; and
(c) longitudinal acceleration to tire dynamic deformation.

6. Conclusions

Based on the vehicle dynamics model with multiple degrees of freedom considering

the vehicle attitude such as pitch and roll, this study assesses the vehicle attitude control
under the compound condition of steering and braking, and designs the vehicle magne-
torheological semi-active suspension controller guided by the vehicle attitude control.

@

@)

®)

Experiments on the mechanical properties of the magnetorheological damper were
carried out to obtain a hyperbolic tangent model describing the properties of the
magnetorheological damper.

Based on the multi-degree-of-freedom vehicle dynamics simulation model, a joint
optimization design model of vehicle LQR controller and vehicle dynamics was estab-
lished. The body attitude as the main control objective was designed to optimize the
fitness function, and the attitude optimal controller was obtained by multi-objective
intelligent optimization algorithm.

Simulink co-simulation results show that, when considering the braking and steering
conditions, in the time domain, the MOPSO-LQR semi-active suspension reduces the
mean square roots of body roll and pitch angle by 16.92% and 17.65%, respectively,
and the four-wheel average of suspension dynamic deflection by 18.74% compared
to the passive suspension. Compared with the LOR semi-active suspension, the
mean square roots of body roll and pitch angle are reduced by 8.72% and 10.42%,
respectively, and the suspension dynamic deflection is reduced by 10.71% on average
for all four wheels. In the frequency domain characteristics, the body roll angle
response, body pitch angle response, and suspension dynamic deflection response
caused by the external excitation of the semi-active suspension are overall better than
the passive suspension and LQR semi-active suspension, optimizing the body attitude
frequency response. On the other hand, the global optimum of comfort and attitude
stability is achieved in general, although some metrics deteriorate within the time and
frequency domains.
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