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Multi-Objective Optimization of LQR
Control Quarter Car Suspension
System using Genetic Algorithm

In this paper, genetic algorithm (GA) based multi-objective optimization
technique is presented to search optimum weighting matrix parameters of
linear quadratic regulator (LQR). Macpherson strut suspension system is
implemented for study. GA is implemented to minimize vibration dose
values (VDV), RMS sprung mass acceleration, sprung mass displacement
and suspension working space. Constraints are put on RMS sprung mass
acceleration, maximum sprung mass acceleration, tyre deflection,
unsprung mass displacement and RMS control force. Passive suspension
system and LOR control active suspension system are simulated in time
domain. Results are compared using class E road and vehicle speed 80
kmph. For step response, GA based LQOR control system is having
minimum oscillations with good ride comfort. VDV is reduced by 16.54%,
40.79% and 67.34% for Case I, II and IIl respectively. Same trend is
observed for RMS sprung mass acceleration. Pareto-front gives more
[flexibility to choose optimum solution as per designer’s need.
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1. INTRODUCTION

Performance requirements for a suspension system are
to adequately support the vehicle weight, to provide
effective ride quality by isolating the chassis against
excitations due to road roughness. Suspension system
maintains the wheels in the appropriate position so as to
have a better handling and keeps tire in contact with the
ground. The passive suspension systems are trade-off
between ride comfort and performance. A nice ride
usually wallows through the corners whereas a car with
high performance suspension will hang on tight through
the corners but makes the passengers feel every dip and
bump in the road.

The intent of the active suspension system is to replace
the classical passive elements by a controlled system which
can supply force to the system. Active suspension system
dynamically responds to the changing road surface due to
its ability to supply energy which is used to achieve the
relative motion between the body and wheel, thus
improving various performance criterions such as ride
comfort, body displacement, suspension  space
requirements and tyre forces etc [1, 42]. Researchers had
used various control strategies such as robust control,
nonlinear control, nonlinear backstepping control, PID
control, PI sliding mode control, Fuzzy logic control etc for
active control. One of the main objectives was to minimize
body acceleration to improve ride comfort.

In this paper, LQR control of quarter car suspension
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system is presented. LQR control is an optimal control
method with quadratic performance indexes. LQR is
simple and can achieve closed loop optimal control with
linear state feedback or output feedback. In designing
LQR controller, the selection of weighting matrices is
key issue which directly affects the control action.

Taghirad and Esmailzadeh [2] presented control of
half car model travelling over random road using full
state feedback controller. The weighting matrix W of
LQR control is based on arbitrary choice. The proposed
controller was effective in controlling the vibrations.
Elmadany and Al-Majed [3] presented the LQR
problem with full state feedback for suspension system.
The weighting constants q;, ¢z, qs, and p, used to
calculate matrices Q and R were selected based on the
designer’s preferences.

Zheng and Cheng. [4], Zhen et al. [5] and Darus and
Enzai [6] presented LQR control scheme to control an
actuator in an active suspension system. The values of
weight matrices were selected for control application. It is
observed that LQR controller performs better than
passive system. Assadian [7] presented an optimal control
study of actuator power and energy requirements. Linear
lumped parameter 2 DoF quarter car model is used for
control application with objective to minimize sprung
mass response. The weight matrix, Q, is chosen for LQR
control application. Sam et al. [8] presented a model of a
quarter car in state space form for control application.
LQR controller is used for control application, where
weight matrices were selected by the authors.

Esat et al. [9] implemented a 2 DoF linear quarter
car model subjected to road disturbance for control
application. This paper presented combined GA with
convolution of integral and LQR controlled active
suspension system. The weighting matrices parameters
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of LQR controller were chosen by conducting a series
of tests, thus becomes trial and error method. The active
controlled system suppresses sprung mass displacement
as compared to passive system.

Oral et al. [10] presented an approach to LQR
problem with an objective to translate the system’s
performance objectives into the cost function parameters.
The selection of the elements of the performance index
matrices, Q and R, was not carried out by trial and error
but calculated for time domain design, which specifies
steady and transient response of the system. The ratio
between the weighting parameters was obtained using the
mathematical relations. But, for minimum oscillations,
the weighting parameters need to be adjusted.

Prabhakar et al. [11] presented a multi-objective
control of semi-active suspension system with Mag—
netorheological (MR) damper. A quarter car is modelled
for control application traversing over a stationary
random road. The performance parameters of the semi-
active system are obtained by comparing active sus—
pension system based on LQR control. While modelling
LQR controller, the weighting parameters, p;, p», p; and
p4, Were chosen arbitrarily as per designer’s relative
importance. It was observed that the performance of
semi-active suspension system was very close to that of
the active suspension system.

Active control of linear quarter car model by
hydraulic actuator is implemented by Nekoui and
Hadavi [12]. LQR controller is used for nonlinear
hydraulic actuator control action. Hasbullah and Faris
[13] presented a state space model of half car
suspension system. LQR controller and fuzzy logic
controller are implemented for control applications.
Ismail et al. [14] presented the nonlinear feedback
control of linear quarter car suspension system along
with the LQR controller. Either LQR weight matrices
were arbitrarily chosen by the authors for ride control
application [2, 5, 6, 12, 14] or the weight matrices
parameters of a LQR controller are adjusted by trial and
error till desired performance is achieved [9, 10, 13].

This paper presents the LQR control of a 2 DoF
Macpherson strut (Section 2) quarter car active suspen—
sion system. The multi objective LQR control is imple—
mented in order to minimize VDV, RMS sprung mass
acceleration, suspension working space and sprung mass
displacement. During optimization, constraints are on
RMS sprung mass acceleration, and maximum values of
sprung mass acceleration, suspension space requirement,
tyre deflection, unsprung mass displacement and control
force. Due to multi-objective nature of LQR control
action and objec—tive are conflicting; the key issue is to
select the weight matrices of LQR controller so as to
fulfil these require—ments. Arbitrarily choosing the
weight matrices (trial and error method) is cumbersome
and time consuming. Hence GA based search technique
is implemented to search the optimum weight matrices
parameters. Macpherson strut suspension system is
simulated in Matlab/Simulink® environment. The output
is fed to the optimization algorithm to determine
objectives and checking the constraints. This optimization
process is iteratively repeated till optimization stopping
criterion is reached. In this paper, the number of
generations is used as stopping criterion.
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2. MACPHERSON STRUT QUARTER CAR MODEL

A suspension system of commercial vehicle consists of
a coil springs and dampers. Various mathematical
models had presented by researchers such and 2 DoF
quarter car model, 4 DoF half car model and full car
model. A 2 DoF and 4 DoF linear car model travelling
on white noise Gaussian road surface [15]. A study
about semi-active, nonlinear and robust control related
to 1D, half car and full car models was presented by
Horvat [16]. A 2 DoF linear quarter car suspension
system is modelled by various researchers [4, 6, 7, 8, 9,
11, 12, 14]. The suspension system is modelled as
lumped masses and linear springs and dampers.

In this paper, Macpherson strut quarter car suspension
system is implemented. The Macpherson strut suspension
was created by Earl Macpherson in 1949 for the Ford
Company. This type of suspension is widely used in
vehicles as it is compact in size and lightweight.

A model of the Macpherson strut suspension with
spindle properties developed by Hong et al. [17] is
implemented for ride control applications. The schematic
of a Macpherson strut suspension is shown in Figure 1.

XS
mg A

ki=— X

Figure 1. Macpherson strut quarter car model [17]

It consists of a quarter car body having sprung mass,
a coil spring, damper, axle, tie rod and control arm. For
equation of Motion for Macpherson Strut Model [17],
refer APPENDIX 1.

For linearization the state variables are [Xi, X», X3,
x4]T = [xs, XS,G,O']T and output as Xs. Linearization of
equation (1) is carried out at an equilibrium point (0,0,
00 ,0) [17].

The state space equation is (for details refer [17]):

x(t) = Ax(t) + B1fLQR (t)+B,x, (1) 2)
and
y(t) =Cx(t)+ D1fLQR (t)+D,x, (1) 3)
Here
0 1 0 1
A _ aZl 0 a23 a24 ,
0O 0 O 1
a4] O a43 a44
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3. LQR CONTROLLER

The LQR problem is a regulator problem using a linear
system with a quadratic cost function. The LQR is an
optimal control method for the linear system.

Let us consider the linear time invariant (LTI)
system described in equation (2). Consider a state
variable feedback regulator:

f

LQR

=K, X @)

The design procedure consists of determining the
control input fjor, which minimizes the performance
index. The performance index Jiqr represents the
performance characteristic requirement as well as the
controller input limitation [18, 19, 32, 33]. In LQR, the
quadratic performance index is expressed as:

Jr = I(XTQx+uTRu)dt (®))

where the matrix Q and R are positive-definite (or
positive-semi definite) Hermitian or real symmetric ma-
trices and are known as weighting matrices.

The first term on the right-hand side of the equation
(5) accounts for the error between the initial and final
state and second term accounts for the expenditure of
the energy of the control signal. The matrices Q and R
determine the relative importance of the error and
expenditure of the performance index [18, 19, 20, 34,
35] (For detailed controller design refer [18, 19]).

Gain matrix Kj gr, which minimizes Ji o is-

K,x =R 'B'P (6)

Matrix P is evaluated being the solution of the
Algebraic Riccati Equation —

AP+A"P—PBR'B'P+Q=0 (7)
4. MULTI-OBJECTIVE GENETIC ALGORITHM

Genetic algorithm is an optimization and global search
technique invented by J. H. Holland [21, 22]. This
technique uses the principle of genetics and natural
selection. GA search technique based on random
numbers GA is stochastic algorithm. These random
numbers determines the search result [21- 23].

Nature of objective functions is conflicting, so multi -
objective optimization using NGPM (A NSGA-II
Program in Matlab) is carried out. NGPM is the imple—
mentation of NSGA-II (Non-dominated Sort Genetic
Algorithm) in Matlab [24, 25]. Firstly, non-dominated
sorting is done using NSGA-II by compairing each
individual with remaining solutions of a population [26]
and thus all non-dominated solutions and non-dominated
fronts are identified and ranked. For rank 1 individuals,
fitness value 1 is assigned. For rank 2 individuals, fitness
value 2 is assigned and so on [26, 36-38].
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A new parameter, Crowding Distance (CD), is
introduced by NSGA-II [26, 39, 40]. CD is the measure
of diversity on individuals in the non-dominated
population. After completing the sorting, CD is assigned
to each individual, frontwise. More the CD, more is the
diversity in population. Individuals in the boundary are
always selected as they have assigned infinite CD.

From the non-dominated front, parents are selected
on the basis of tournament selection and comparing the
CD. New off-springs are created using crossover
operator and mutation operator.

New off-springs and current population (parents) are
combined to generate new population. Selection is
carried out for next generation individuals.

Above steps are repeated till some convergence
criterion such as number of generations or fitness or
CPU time is reached. A flow chart of GA procedure is
shown in Figure 2.

a. Problem Statement

While designing a suspension system, performance
parameters which are under considerations are ride
comfort, suspension travel (or rattle space), dynamic
tyre force and road holding. The ride comfort is
characterised by the RMS sprung mass acceleration,
suspension travel is characterised by the relative travel
between sprung mass and unsprung mass and dynamic
tyre force is related to tyre deflection.

A major portion of the vibration experienced by the
occupants of an automobile enters the body through the
seat [27]. Whole-body vibrations, which are generally
characterised by vertical vibrations, mostly affect the
human body. These vibrations are transmitted to the
buttocks and back of the occupant along the vertebral
axis via the base. The health risk goes on increasing as
the exposure time to vibrations goes on increasing.
Hence is it necessary to measure the whole body
vibrations. As per ISO 2631-1 [28], VDV is one
measure for the whole body vibrations. VDV is also
called the fourth power vibration dose, which is more
sensitive to peak values. Hence VDV is used as one of
the objective function. VDV is the method of assessing
the cumulative effect (dose) of the vibration.

Here VDV, RMS sprung mass acceleration and
maximum sprung mass displacement along with maximum
suspension travel are considered as objective functions.

As per ISO 2631-1 [28], if weighted RMS sprung
mass acceleration is below 0.315 m/s’, passengers feels
highly comfortable. According to Baumal et al. [29], at
least 0.127 m (5 inch) of suspension travel is required
and maximum sprung mass acceleration should not
increase 4.5 m/s” so as to avoid hitting the suspension
stops. Dynamic tyre force is characterised by tyre
deflection. As tyre deflection increases the dynamic tyre
force also increases. To minimise dynamic tyre forces,
maximum tyre deflection should not increase 0.058m.
Also for road holding upper limit of unpsrung mass
displacement is 0.07m.

RMS sprung mass acceleration, maximum sprung
mass acceleration, suspension travel, maximum tyre
deflection, unsprung mass displacement and RMS
controller force are the constraints for optimization.
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Define Objective Functions:
obj1=....

Input - Mo. of genes
Mo. of generations
and other parameters

'

Iniatialize Random Population
(First Generation)

%

Evaluate Obj Function,
Assign Fitness based on
Mon-dominated Sort

Ranking and Selection of
Individuals based on fitness

‘ Generation of Off-springs |
usnig Crossover and Mutaion

Combine parents
and m‘;srins

|Ch005e Mext population based on CD|

Terminate ?

Pareto Front

Solution

Figure 2. Flow Chart — Genetic Algorithm

GA based optimization technique is implemented to
search LQR weighting matrices (Q and R matrices). The
formulation of optimization problem is:

Objective Function I : fp;; = Minimize (VDV)
Objective Function II : f,; = Minimize (agms)
Objective Function III: f,,;; = Minimize (max (Xs-Xys))
Objective Function IV: f;4 = Minimize (max (X))

Subject to constraints:

RMS (%) <0315m/ s>, Max.(x, —x,

u

;) <0.127m,

Max(x;)<4.5m/ 52, Max.(x,; —x, ) <0.058m,
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Parameters:

Population: 100,
Selection: Rank,
Crossover: Single point,

Generations: 100,
Mutation fraction: 0.5%,
Crossover fraction: 45%

Search Space for Q and R Matrices:
10"<Q,<10", 10'<Qx<10°,
10<Q44<0.01, 0.1<R,;<0.001

10<Q33<0.01,

5. RESULTS AND DISCUSSIONS:

The LQR controller and GA based LQR controllers are
simulated in Matlab® environment.
Quarter car parameters:
mg=453 kg
k=17658 N/m
k=183887 N/m
1,=0.66 m, 15=0.34 m, 1-=0.37 m, 0=74", o=-2°
Road surface is described using power spectral
density (PSD) [30]. Road is modelled using white noise
signal having power spectral density 1is represented by

X, (1) 4 2Ivnx (1) = /S, (§4)v w(t) )

From Equation (8), input road condition is modelled
as class E road with degree of road roughness 2048x10°
m2/(cycle/m) [31]. The Vehicle is travelling with
velocity of 80 kmph. Figure 3 represents time domain
simulation of road surface.

my=71kg
¢.=1950 N.sec/m

-3

Road Surface (m)

Time (5)

Figure 3. Road Surface (Class E, Velocity 80 kmph)

Multi-objective optimization is carried out using the
objective functions mentioned above. The pareto-front
for the multi-objective optimization with four objective
functions is shown in the Figure 4. Generally, the
optimization is carried out with RMS sprung mass
acceleration as objective function, to minimize the risk
of health effects VDV is also included as an objective
function. Also to minimize dynamic tyre forces and for
good road holding, respective constraints have been
introduced in the multi-objective optimization.

The GA optimized LQR controller and passive
system are subjected to step response. Maximum
overshoot and settling time are observed for the two
systems as they are directly related to the ride comfort.
A step of 0.05m height is used for simulation. Figure 5
shows step response of sprung acceleration of passive
(open loop) and LQR controlled system. Table 1 shows
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the maximum overshoot and settling time for passive
and LQR system. LQR controlled system has minimum
values of both parameters of step response as compared
to the passive system.
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DEE casen

o
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o
S
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L z Objective number & &

Figure 4. Pareto Front - Multi-objective Optimization
(Population - 100, Generations - 100/100)
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Figure 5. Step Response (Step Height 0.05 m)

Table 1. Step response

Maximum Settling Time
Overshoot (sec)

LQR | Passive LQR Passive

Sprung mass

acceleration (m/s2) 5.58 7.36 0.415 1.62

Three cases have been selected from the population
of 100 for results and analysis. Case I is selected at the
top of preto-front, Case II from the centre and Case III
at the bottom. The LQR active control system is
simulated using the respective weight matrices. The
results are compared with the passive (open loop)
suspension system.

Figure 6-8 shows the sprung mass acceleration,
suspension  space deflection and sprung mass
displacement for passive suspension, LQR controlled
Case I, II and III respectively. From Figure 7, it is
observed that the suspension space deflection increases
from Case I to III. Suspension space deflection is
compromised for more ride comfort and VDV. For case
III, maximum suspension space deflection is increased by
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48% as compared to open loop. From Figure 8, sprung
mass displacement is minimum for Case I, II and III as
compared to open loop system. Figure 9 shows LQR
controller force for LQR controlled Case I, II and III
respectively. It is observed that as ride comfort increases,
so the requirement of LQR control force also increases.

1 T T T T T
: : : ——-0Open Loop
Case |

: : Case ll
A ; SR T S I % .|.‘ . — Case ll

=
in
T

o

o
n
T

Sprung Mass Acceleration (més?)

P i i i i ‘ i ‘ i |
u] 1 2 ) 4 5] B 7 8 g 10
Tirne (s)

Figure 6: Sprung Mass Acceleration - Quarter Car Model.

Table 2 shows the comparative results of passive
(open loop) system and LQR control active suspension
system. From Table 2, it is observed that VDV is reduced
by 16.54% as compared to passive system for case I
Also reduction of 40.79% and 67.34% is observed in
VDV for case II and III respectively. RMS sprung mass
acceleration is reduced by 17.74%, 42.05% and 67.67%
for case I, II and III respectively. Decrease in sprung
mass displacement is observed from Case I to Case III.

0.0z T T T T T T T
: : : 8 : ——-Open Loop

Case |

Case |l

0.015

Case Il

=]
=]

=
=1
=)
o m

=
=1
=)
m

Suspension Waorking Space (m)

=)
=]

0015

Sprung Mass Deflection (m)

; : : ; —-—-Open Loop
s \J : : ‘ : Case |
: Casell
_B i 1 L I 1 L | Case ”l
1] 1 2 3 4 3 51 T 8 9 10

Time (s)

Figure 8: Sprung Mass Displacement - Quarter Car Model.
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Figure 9: LQR Controller Force.

A trade-off is observed between VDV and
maximum suspension space deflection. As VDV
decreases maximum suspension space deflection
increases. Same trend is observed between VDV and
maximum tyre deflection and between VDV and
unsprung mass displacement for Case I, II and III.

From Table 2, it observed that constraints on
Suspension working space, RMS sprung mass
acceleration, maximum sprung mass acceleration, tyre
deflection and unsprung mass displacement are not
violated. During optimization RMS controller force is
constrained up to 500 N. The constrained on RMS
controller force is not violated during multi-objective
optimization. Trade-off is observed between VDV and
RMS sprung mass acceleration and RMS controller force.

From Table 2 it is observed that, for Case 11 VDV
and RMS sprung mass acceleration is reduced by
39.09% and 41.95% respectively as compared to Case I.
Whereas, Case II has 155.19% less RMS controller
force requirement as compared to Case III. Hence
designer may choose Case II solution. Moreover pareto
front, shown in Figure 4, gives more flexibility to
designers to choose optimum solution.

Previous discussions based on the time domain
analysis of LQR controlled Macpherson strut quarter car
suspension system. The vehicle is travelling over a class
E random road at constant speed of 80 kmph. To
demonstrate the frequency domain analysis of the
suspension system, Bode plots are shown in the Figure
10, 11 and 12.

The optimization of LQR control suspension is for
carried for one vehicle speed. Figure 10 shows frequency
response plot of the quarter car model from inputs x; to
output X,. Figure shows open loop response and closed
loop frequency response for Case I, II and III. It is
observed that closed loop response provides better ride as
compared to open loop response over frequency range.
Similar results can be observed from the frequency
response plot of quarter car model from inputs x; to
output x,. Here, for case I, II and III peak occurs beyond
the body natural frequency with lower magnitude values
as compared to open loop response. Refer Figure 11.

Figure 12 shows frequency response plot of the
quarter car model from inputs x; to output (X; - Xys). It is
observed that suspension space requirements by closed
loop response are better as compared to open loop
frequency response. Natural frequency of rattle space is
21.2448 rad/sec.
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Table 2. Response of passive LQR controlled active suspension system.

Type VDV RMS(%) | Max Sprung Max. Max(%,) | Max. Tyre Max RMS
175 (m/s?) Mass Suspension Deflection Unsprung fior
(m/s™") Displacement Space (m/s%) Mass N
Deflection (m) Displacement (N)
(m)
(m)
Passive | 0.9132 | 0.3731 0.006348 0.008443 1.0606 0.0159 0.0193 -
Casel | 0.7521 0.3069 0.001171 0.007532 | 0.9833 0.0131 0.0068 63.0199
CaseIl | 0.5407 | 0.2162 0.000392 0.011097 | 0.6196 0.0156 0.0109 189.296
I(ﬁlse 0.3041 0.1206 0.000133 0.016321 | 0.3278 0.0192 0.0163 483.075
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Figure 10: Frequency Response of Sprung Mass
Acceleration.
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Figure 11: Frequency Response of Sprung Mass
Displacement.
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Figure 12: Frequency Response of Suspension Space.

Here sprung mass acceleration and suspension space are
reduced in Case I, IT and III as compared to open loop
response below rattle space frequency.

Optimal control of linear 2 DoF vehicle suspension
based on simulated annealing (SA) optimization

FME Transactions

algorithm was presented by Meng et al. The LQR
control weight matrices were searched using vertical
acceleration of sprung mass, suspension space
displacement and tyre displacement as objective
functions. Multi-objective optimization problem was
converted into uni-objective optimization problem using
normalization. During simulation the vehicle was
travelling over class B road at 20 kmph speed. Sprung
mass acceleration was observed 0.3326 m/s2 and
suspension space travel was observed 0.3548 m using
SA optimized LQR control [41].

Whereas current GA based optimization technique
incorporates multi-objective optimization. Current paper
discusses optimization using Macpherson strut quarter car
model travelling over class E road at 80 kmph speed. For
validation, the GA optimized LQR control is compared
with un-optimized LQR control. In multi-objective
optimization, for Case I, II and III, RMS sprung mass
acceleration is observed 0.3069, 0.2162 and 0.1206 m/s2
respectively which is less than 0.3326 m/s2 obtained by
SA. Also in present study of optimization, VDV is also
introduced as one of the objective function as a measure
of driver health. In GA, population of 100 genes is used;
hence pareto front of 100 different solutions is obtained
which gives designers more flexibility.

6. CONCLUSION

Multi-objective optimization of weighting matrices
LQR controller using GA is presented in this paper. A
Macpherson strut quarter car suspension model is used
for control application.

e Instead of trial and error or adjusting the weighting
matrix parameters of LQR controller, GA based
optimization method is proposed to determine the
parameters for several objectives.

e  Multi-objective optimization with four objectives
namely VDV, RMS sprung mass acceleration,
maximum sprung mass displacement and maximum
suspension  space deflection is successfully
implanted using multi-objective GA.

e In determining the weight matrices of LQR
controller, along with ride comfort and stability of a
vehicle passenger health criterion is included in the
objective function.

e From step response, for LQR controlled system,
sprung mass acceleration has 24.18% reduction in

VOL. 44, No 2, 2016 = 193



maximum overshoot. Also settling time is very less
as compared to open loop system. Thus the LQR
controlled system is having minimum oscillations
with good ride comfort.

e VDV is reduced by 16.54%, 40.79% and 67.34% for
Case I, IT and III respectively as compared to passive
suspension system. Same trend is observed for RMS
sprung mass acceleration.

¢ From frequency domain analysis, body acceleration
and suspension space requirements are reduced by
LQR controlled closed loop response of Macpherson
strut quarter car suspension system.

e In multi-objective optimization, pareto front
provides greater flexibility to designers to choose the
solution from the set of solutions as per the
requirement.
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NOMENCLATURE

A System Matrix

B, Control Input Matrix

B, Disturbance Matrix

Cs Suspension damping coefficient (Ns/m)
fLor LQR control force

frnax Maximum LQR control force (N)

fobi Objective Function

JLor Quadratic Performance Index

Kigr State Feedback gain matrix

Ia Distance OA (m)

Ig Distance OB (m)

Ic Control arm length (m)

m Sprung mass (kg)

my Unsprung mass (kg)

N No. of samples

ng Ref Spatial Frequency = 0.1 (cycle/m)
P Positive definite matrix

QR LQR weighting matrices

Sq(€p) Degree of road roughness (m2/(cycle/m))
u Control vector
VDV Vibration Dose Value (m/s1.75)

v Vehicle speed (m/s)

w(t) White noise signal

X State Vector

X; Road profile (m)

Xs Sprung mass displacement (m)
X Sprung mass velocity (m/s)

X Sprung mass acceleration (m/s”)

Max(X,) Max Sprung mass acceleration (m/sz)
RMS(%,) RMS Sprung mass acceleration (m/sz)
Xus Unsprung mass displacement (m)

Greek symbols
o Angle made by link OA with horizontal (%)
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0 Rotation angle of control arm (%)

0, Initial angle of rotation of control arm (°)

BUHIENNN/bHA OITUMU3ALINJA
YIIPAB/bAIbA LQR CUCTEMA BEIIAIBA
AYTOMOBUMJIA KOPUIITREILEM 'EHETCKOI'
AJITOPUTMA

MLII. Harapkap, I'.J.B. IlaTtua

Y pamy je TpuKazaHa TEXHHKAa  BHIICIMJbHE
ONITHMU3AllMje 3aCHOBaHE Ha TE€HETCKOM alrOpUTMY,
KOja Cc€ KOpUCTH 3a W3HAIAKEHE ONTHUMATHHUX
mapaMerapa TEXKHHCKE MaTpule KOJA JIHHEapHOT
KBaJ[paTHOT  peryiatopa. Y  HCTpaKUBamHUMa je
npUMeleHo  MakdepcoHOBO — Bemlame. | eHeTCKH
aNTOPHUTaM Ce KOPUCTH 32 MHUHHMH3HPAEHE BPEIHOCTH
no3e BuOpammja, KBaApaTHOT KOpeHa IPOCEYHOT
yOp3ama OBEIIaHe Mace, IoMepaja OBEIIaHE Mace U

APPENDIX 1: EQUATIONS

(m. +m )X +m_1.cos(0—0,)0—m 1.sin(0—0,)0> +k, (x. +1.(sin(®—0,)—sin(—0,)—x.)) =0
S us “b us C 9 eO e us C e e0 62 t s C e 90 e0 r

c,b,*sin(a’ —0,)0
4(a, —b, (cos(a’ —0))
d]

m, 1.0 +m, 1. cos(d—0,)x, +

—X, f%ks sin(a’ —0)|b, +

where,

=—1.F
(c, —d, cos(a’ —0)"?) BULQR

panHor mpocropa oBenane mace. OrpaHuuema cy y3era
3a KBaJpaTHH KOpEH IIPOCEYHOr yOp3ama OBelIaHe
Mace, MakCHMalHO yOp3ame OBeIlaHe Mace, KPYTOCT
MMHEYMAaTHKa, MOMEpaj HEOBEIIaHE Mace M KBaJpaTHU
KOpPEH TIpoceka Cmiie yhpaBjpama. V3BpmieHa je
CHUMYyJIallfja TAaCHBHOT CHCTEMa Bellama W YIpaBJbarha
AaKTUBHIM CHCTEMOM BeIlaka IIOMONy JIMHeapHOT
KBagpaTHOT peryjJaropa y BPEMEHCKOM IOMECHY.
W3BpiireHo je mopeheme pesynrata T00HjSHHUX 3a IPyM
kmace E u Opsune Bosmma ox 80 km/gac. Kog
CTENeHACTe peaklHje CHUCTeM YyIpaBibatba nomohy
JMHEapHOT KBaJIpaTHOT peryjaropa 3acHOBaHOI Ha
TEHETCKOM JITOPUTMY HMMa MHHUMYM OCLWIIAlMja 3a
koM(pOpHY BOXBY. BpemHoctu mo3e BuOpamuja cy
penykoBane 3a 16,54%, 40,79% wn 67,34% 3a ciy4ajeBe
1 omHOCHO 2 omHOCHO 3. Mcra TeHACHIMja MMOCTOJH U
KOJ KBaJpaTHOT KOpeHa MPOCEYHOT yOp3ama OBeIIaHe
Mmace. [lapero ¢porT 00e36ehyje Behy ¢raexcubmmHOCT
y u30opy ONTHMAaJHOT pemema 3a morpede
MIPOjeKTOBambA.

+k 1. cos(—8,)(x, + 1. sin(6 —6,) —sin(—0,)) ¢))

o =a+6, a,=12+12 b,=2,1,, c,=a°—ab,cos(a+0), d,=ab,—bZcos(a+8,)
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