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Abstract

In recent years, the use of active suspension systems in passenger cars has gained significant attention
due to their ability to enhance ride comfort. These systems are designed to automatically adjust the control
force, adapting to different driving conditions and the varying forces caused by road surface irregularities.
This paper explores the implementation of the Model Predictive Control (MPC) algorithm for managing
an active suspension system modeled by a quarter-car vibration model in the longitudinal direction.
Simulations were performed using Matlab/Simulink to compare the performance of the MPC-controlled
system with those governed by a PID controller and a conventional passive suspension system. Simulation
results highlight that the MPC controller provides significant improvements in multiple aspects of
suspension performance. Specifically, it achieves a noticeable reduction in body acceleration, ensuring
smoother ride comfort for passengers. Moreover, the MPC-based suspension maintains lower body
displacement and more stable suspension deflection, which translates into improved vehicle handling and
road holding. Compared to PID and passive configurations, the MPC approach shows a faster adaptation
to varying road profiles and more efficient suppression of vibrations across sinusoidal, step, and random
road excitations. These outcomes emphasize the superiority of MPC in balancing ride comfort, safety, and
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vehicle stability, confirming its potential as an effective control strategy for future suspension systems.
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1. Introduction

The suspension system in cars is a crucial component in the
mechanical structure of the car. It plays a keyyrole in ensuring
the movement of the entire car chassis, affecting the driving ex-
perience and passenger comfort. A car is a complex oscillating
system, closely linked to the roaddsurface. The vibrations of the
car not only impact the passengers and cargo being transported,
but also affect the durability of the car’s structural components,
as well as negatively influence the driving experience of the
driver. Therefore, suspension systems are developed to address
issues related to ride comfort and safety in car movement [1]. In
the case of using a passive suspension system, it can respond to
various road surfaces with different levels of roughness, but
there remains a conflict between the damping coefficient and
factors concerning safety and ride comfort.

One idea applied to improve the vibrations of cars is the use
of active suspension systems to meet the requirements of ride
comfort and safety when traveling on all types of roads. The

characteristics of this suspension system are adjusted depending
on the specific conditions of each type of road [2]. The active
suspension system still includes the basic components of a con-
ventional passive suspension system, but with the addition of a
separate hydraulic actuator integrated at each position of the sus-
pension system [3]. This enables the active suspension system
to independently adjust and regulate the damping force and
spring stiffness of each wheel, based on the road conditions and
the specific driving mode. This approach helps optimize the sus-
pension system’s response to various road conditions, ensuring
the car operates safely and comfortably on all types of terrain.
Numerous studies have been conducted to address the behavior
of actuators in response to various road profiles [4], [5].

One of the main development trends that major car manufac-
turers are currently focusing on is the design of active suspen-
sion systems [6]. Through the analysis of published works,
many studies both domestically and internationally have
emerged with the aim of proposing optimal control methods for
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the system. In [6], the authors developed and implemented a
sliding mode controller for a quarter-car model. The results
showcase the superior performance and stability of the active
suspension system in comparison to the passive suspension sys-
tem. In [7], the authors employed a fuzzy controller to manage
the active suspension system in cars. The results show that the
fuzzy controller outperformed other methods. In [8], the authors
utilized a fuzzy logic-based neural network to design the active
suspension system. Meanwhile, in [9], two distinct controllers
were developed for a quarter-car electric car modeluusing the
LQR control method, aiming to improve both rideecomfort and
safety, offering better performance compared to the passive sus-
pension system. Other research employed the quarter-car model
with various control strategies, including optimal control meth-
ods in [10], adaptive control in [11], and linear robust control in
[12]. Research on controlling semi-active suspension systems
has also been addressed using the quarter-car model, such as
multi-objective control in [13].

The MPC algorithm, as introduced in [14], [15], is an ad-
vanced process control technique that effectively manages con-
straints by incorporating them during the design phase. A key
benefit of the MPC approach is its ability to model both dynamic
and static interactions between inputs, outputs, and disturbances,
while systematically accounting for constraints on both inputs
and outputs. However, much of the related literature applies
MPC in combination with nonlinear formulations, heuristic op-
timization, or adaptive techniques. PID controllers, on the other
hand, remain widely used in practice due to their simplicity, but
they are often presented only as a baseline rather than being sys-
tematically compared to predictive strategies under a consistent
framework. This gap motivates the present study, which focuses
on the direct comparison of well-established PID and MPC
methods for active suspension control. Both controllers are im-
plemented on a quarter-car suspension model in MATLAB-
SIMULINK, and their performance is evaluated relative to a
passive suspension benchmark. By employing the same model-
ing environment and identical input conditions, the study pro-
vides a transparent and fair assessment of how each control ap-
proach influences vehicle ride comfort and stability.

The main contributions of this paper are as follows:

A systematic comparison of PID and MPC controllers for ac-
tive suspension systems, ensuring a fair and transparent evalua-
tion of both control strategies under identical conditions.

An evidence-based analysis showing that MPC achieves su-
perior ride comfort and stability compared with PID and passive
suspension.

A bridge between classical and modern perspectives, posi-
tioning MPC not only as an advanced method but also as a prac-
tically viable alternative for suspension design and implementa-
tion.
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Figure.1. Car dynamic model

The remainder of the paper is organized as follows: Section 2
develops the research model for the suspension system. Section
3 presents the development of the algorithm for the controller.
Section 4 analyzes the simulation results of the dynamics of the
active suspension system. The final section discusses the con-
clusions and possible future research directions.

2. Mathematical Modeling

In this study, a quarter-car model of the passenger car suspen-
sion system is applied for research purposes. The car includes the
body (sprung mass), suspension system, axle (unsprung mass),
and tires. The basic components of the suspension system are il-
lustrated as shown in Figure 1. Here, z, represents the excitation
signal from the road surface irregularities, while F, is the control
signal of the system. The specific parameters of the model have
been presented in [16].

The principle of operation of the active suspension system is
continuous monitoring of the distance between the car body and
the suspension arms through ride height sensors. These sensors
provide information about the car 's ground clearance, while
speed sensors record and transmit the car speed signals to the
suspension system controller. The task of the controller is to re-
ceive signals from the sensors and control the force and stiffnes-
soof the springs as well as the carhheight, depending on the op-
eratinggconditions of the car. This is achieved through the con-
trol actuator system, which adjusts the damping force and stiff-
nessoof the suspension.

The electronic control actuator responds precisely to the con-
tinuous changes in the car's operating conditions, ensuring that
the suspension system functions efficiently and provides com-
fort and safety for both passengers and the driver.

From Figure 1, applying the D'Alembert principle and new-
ton's second law, the dynamiccequation of the car body is as in

[9]:
mZ +c,(z,—2,)+k (z,—z,)=F,. Q)

c
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Similarly, the dynamiccequation of the axle is as in [9]:

mzzu _Cl(zs _Zu)_kl(zs _Zu)
+k, (2, -2, )+c,(2,-2,)=-F,

C

)
where: m, is the sprunggmass; m, is the unsprunggmass;
k, c, are the stiffness and damping coefficientsoof the suspen-
sion system; k,, c, are the stiffness and damping coefficients of

the tire system. The system has twoodegrees of freedom, repre-
sented by the vertical displacement of the car body and axle,
z,,z,, corresponding to the body and axle displacements, and

z, is the height of the road surface irregularities. The force is
generated by a hydraulic actuator F,, and the actuator is capable
of producing a force within the range [F***", F****]. It can be
noted that if F, =0, Eq.(1) and Eq.(2) become the equations of
the passive suspension system. Diagrams of controllers are
shown in Figure 2 and Figure3.

Eq.(1) and Eq.(2) can be rewritten in the state-space form as
follows:

s =AM +Bu®)
You (8) = Ceg ()
The state vector is defined as: &=[z, -z, 2, z, -2, 2,1,
where the control input is u=[z, F,], with the following
matrices: A, c R**, B, c R*?, C, c R**:

®3)

0 1 0 -1 0 0
ke Y o L
A=l oM S - T A
0 0 0 1 -1 0
k & k _g+G &
Lmm, m m, | | m, m, |
1 000
0100
C, = .
0010
0 001

The continuous-state-space Eq.(3) can be rewritten into a dis-
crete-state-space equation for digital control as follows:

¢(k+1) = A,g(x) + Byu(x)
Yout (K) = Cd QZ(K)l

with the matrices A, c R**, B, c R*?, C, c R™™.

(4)

3. Advanced control techniques for active suspension sys-
tems

The control system for the active suspension system consists
of three main blocks: the controller, the hydraulic actuator, and

the controlled object, which is the suspension system model of

PID Controller
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Figure.2. Representative diagram of a P1D controller
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Figure.3. Representative diagram of a MPC controller

the car. The output quantity of interest for the system is the car
body oscillation acceleration a(k), while a™ (k) is the de-
sired output acceleration of the system. To improve the ride
comfort of the car, the desired value is a™ (k)=0, k =t/T,,
which means stabilizing the car body acceleration. e(k) is the

errorrbetween the output and the desired value of the control
system.

e(k) =a"™ (k) —a(k). ()
3.1. Design of the PID controller

The PID controller’s function is to detect deviations and gen-
erate the control signal F¢(k) to ensure the system remains stable
while achieving the desired dynamic and static performance.
The controller is composed of three control components: pro-
portional (P), integrall (1), anddderivative (D), as expresseddby
the following control equation:

F. (1) = Koe(x) + KlTSZk:e(i)+ K, 2 e =D _Te(K_l) )
P(x) N o s
1(x) D(x)

where: K, is the proportional gain, K, and K, are the in-

tegral and derivative time constants of the PID controller, re-
spectively. The parameters of the PID controller are determined
using the second method of Ziegler-Nichols, which involves
tuning the controller based on specific system characteristics.

3.2. Design of the MPC controller

The MPC method, as outlined in [14], [15], involves building
a model of the actual system to forecast future responses. The
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control signal is then computed to minimize the deviation be-
tween the predicted future responses and those of the reference
model. This approach helps optimize the control system’s per-
formance and response, ensuring the system operates accurately
and efficiently.

Consider the discrete-state-space model of the system, which
includes one input signal and one output signal, as presented in
[15]:

{ém (k+1) = A, (1) + By u(x)
Yo () = C&y () '

where, u(x) isthe controlsignal, Y,,(x) isthe outputsignal,
and &, is the state variable. Convert the model to a form that is
appropriate for the design objective:

AS, (k+1) =&, (k +1) = &, (1)

()

= A, (& () = &, (k =1)) + B, (u(x) —u(x -1)) (8)
= A A&, (k) + B, Au(k).

Yout (K +1) _Yout (K) = Cm (gm (K +1) - (:sz (K))

=C AL, (k+1) 9)
= C, A AZ, () +C, By AUe).

Define: £(x) =[ A%, ()T Yo (%) |
The newly obtained state-space model is as follows:

E(rc+1) A B,

A&, (c+D] [ A, O B,
|:Yout (K+1) i| - |:CmAn 1m :|§(K) +|:Cm ij|AU(K)’

S TAE (K
0=, 3

At the sampling time &, it is assumed that the state vector
&(x) has been measured. The set of future control signals is de-

noted as follows:
Au(x;), Au(x; +1),..., Au(x; + N —1) where N, is re-
ferred to as the control horizon. The components of this control

set represent the future control signals. The forecasted state vec-
tor is given asi  &(x +1|x), E(x +2|K5), (5 + N | )

where N, is the prediction horizon of the forecast.

}= C&(k). (10)

Based on the state-space model A,,B,,C, and the current
state vector &(x), as well as the set of forecasted control signals
u(x) , the future state vectors are calculated as follows:

E(x+1]x) = AL(x) + B,Au(x),

E(c+ N, [K) = A% () + A% B, Au(x +1)

(11)
+AY 2B, Au(k +1) +...+ AP e B, Au(x + N 1),

E(x+2|K) = A2E(x) + A.B,Au(x) + B,Au(x +1),
The forecasted output variables are calculated as:
You (K +1| ) = C,A.&(x) + C.B.Au(x),

You (K +2| k) = C.A2E(x) +C.A.B,Au(x) + C.B,Au(x +1),
You (K + N | k) = CgAgpf(Ki) +C¢.A£‘P_lBUAU(K+1)

(12)
+C. A" ?B,Au(x +1) +...+C,A¥* " B Au(x + N —1),
Define:
V:[Yout(/c+1|k)Ym(K+2|k)...Yout(K+Np|K)]T.
Obtained:
Y =Té(x) + YAU, (13)
where:
r=[c.a c.A* c.A® .. caA™T,
C.B, 0 0 0
C.A.B, C.B, 0
Y=| C.A’B, C.AB, C.B,
N,-1 Np-2 N,-3 N, —N¢
_Cg,Ag, B, C.A" "B, CA™ B, - CA Bu_

For a reference signal a™ (t) at the sampling time x, the

objective of the control system is to produce a forecasted signal
that closely matches the desired reference signal. The signal set
within the prediction window is assumed to be non-changing:

Np

T ref D A ref
R: :[1 1 .. 1]a (x) =Ra"™ (x), (14)
NP
—_ f_/%
with R:[l 1 .. 1].
In MPC, the objective function is defined as:
J=R.-Y)'Q (R, -Y)+AUTR,AU, (15)

whereQ, , R,, denote the weighting matrices specified during

controller design. In Eq.(15), the first component aims to reduce
the deviation between the predicted output and the desired ref-
erence trajectory, while the second component penalizes large
variations in the control input AU . Thus, the cost function J is
formulated to be minimized by balancing tracking accuracy and
control effort.
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The control input AU and the force generated by the actuator
are related as follows:

—1 Fcluwer
M oo-F]
Because the cost function J has a quadratic form and the im-
posed constraints are linear inequalities, the predictive control
task can be reformulated as a quadratic programming (QP) prob-

lem. Under this formulation, the constrained optimal control
problem can be expressed as:

(16)

minlAuTHAu +FTAU,
AU D

—1 Flower
subject to [ }AU s{ ¢ }
| Fupper

Cc

an

where, F' = 2[1“5(/()+I3a’ef (K)]QYY and
FT=2[Y"QY+Ry |.

A quadratic problem and leads to a nonlinear solution which
can be easily solved by the QP problem in Matlab.
The controller parameters, such as N,, N., R have been

chosen to obtain a feedback response with good performance.
Thus, the steps to solve the predictive control problem are as
follows: Assume that at time k, the values of & (x) and u(x)

are known.

Step 1: Initialization: The predictive controller for the active
suspension system is designed using the following parameters:
N, =10, N.=5,R,, =0.02,Q, =1. Calculate &, (x+1)
using Eq.(7). This gives:
AE (k+) =S (k+D) ¢, (), Yy (k+D)=C. &, (x+D).

Step 2: Calculate:

E(rc+1) = {A‘fm (Hl)}.

Yo (K +1)

Step 3: Optimization: solve the optimal control problem
minZ AUTHAU + F7AU  with J from (15) subject 0 (16).

Al

Step 4: Implementation: Determine the variation of the control
value AU (x+1) as the first element of AU .

Therefore, the control signal at step «+1is
u(x+1) =u(x) +Au(x +1) .

Then, we proceed with calculating the state wvector
&, (k+1) at the next sampling time x~+1. Update and go to

step 1.

4 Results and analysis

This study utilizes numerical simulation techniques to evalu-
ate the performance of two controllers, PID and MPC, for the
active suspension system in the time domain. The simulation is
driven by excitation from road surface irregularities, the primary
source of vibration. The author examines the suspension sys-
tem's oscillation as the car moves over two commonly encoun-
tered road profiles: a sine wave with a frequency of 10(rad/s)
and an amplitude of 0.07(m), and a step wave with a bump
height of 0.035(m).

Passive
PID
10 MPC

Zs_dd [m/s?]
o [¢,]

&
T

Time [s]

Figure.4. Comparison of active suspension body acceleration based on
the sin road profile.

0.15 F

Passive
PID
MPC

Zs [m]

Time [s]

Figure.5. Comparison of active suspension body displacement based
on the sin road profile.

0.1
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0.05

Zu [m]
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-0.1

0 é Alt (; é 10
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Figure.6. Comparison of sprung-mass displacement based on the sin

road profile.
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Figure.7. Comparison of suspension deflection based on the sin road
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Figure.8. Comparison of active suspension body acceleration based on
the step road profile.
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Figure.9. Comparison of active suspension body displacement based
on the step road profile.
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Figure.10. Comparison of sprung-mass displacement based on the step
road profile.
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Figure.11. Comparison of suspension deflection based on the step

road profile.
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Table 1. Evaluation of the ride comfort improvement

Control method Bcztlj\;/ai(?e\gjgon ACCEI&:?:i;m RMS Comfort level
Sin road profile
Passive 7.682 (m/s?) 2.251 Very bad
PID 6.308 (M/s?) 1.362 Bad
MPC 3.750 (m/s?) 0.523 Good
Step road profile
Passive 7.0159 (m/s?) 1.590 Bad
PID 5.7443 (m/s?) 0.781 Mean
MPC 3.3884 (m/s?) 0.342 Good
Random road profile
Passive 17.204 (m/s?) 2.367 Very bad
PID 9.9466 (m/s?) 1.152 Bad
MPC 5.1582 (m/s?) 0.332 Good

0.15

Passive

PID
MPC

0.1F

0.05 1

Zu-Zs [m]
o

-0.05 -

011

015 | . | . | . | | .
Time [s]

Figure.15. Comparison of suspension deflection based on the random
road profile.

The output includes values related to ride comfort (body ac-
celeration), displacement, and suspension travel.

Figures 4-7, 8-11 and 12-15 display the simulation results for
body acceleration, body displacement, axle displacement, and
un-sprung displacement of the suspension system in response to
the sine road profile, the step road profile, and the random road
profile. The body and axle displacements under road surface ex-
citation are described in Figures 5, 6; Figures 9, 10; Figures 13,
14. The results indicate that the displace-ment values for the car
with a passive suspension system are significantly higher com-
pared to those with an active suspension system. For the passive
suspension system, the maximum body displacement is
0.076(m); 0.0513(m); 0.2914(m) for the sine road profile, the
step road profile, and the random road profile respectively. In

contrast, for the active suspension system using the PID control-
ler, the maximum displacements are 0.06m; 0.037(m);
0.2295(m). As in figure results, for the active suspension system,
the body displacement using the PID controller is larger than
that using the MPC controller. The use of the MPC-controlled
active suspension system leads to a substantial improvement in
car body displacement.

Body acceleration is a crucial parameter for assessing a car's
ride comfort during vibration. The acceleration of body dis-
placement is directly proportional to the body displace-ment
when the road profile changes. Similar to displacement, the
maximum body acceleration values are 7.682(m/s?);
7.0159(m/s?); 17.204(m/s?) for the passive suspension system;
6.308(m/s?); 5.7443(m/s?); 9.9466(m/s?) for the active suspen-
sion system using the PID controller; and 3.750(m/s?);
3.3884(m/s?); 5.1582(m/s?) for the active suspension system us-
ing the MPC controller.

As shown in Figures 7, 11 and 15, the suspension travel in
both the PID and MPC systems is progressively reduced com-
pared to the passive suspension system. This reduction helps
lower the car's center of gravity, thereby improving its stability
and ensuring better grip with the road. The active suspension
system using the MPC algorithm can be effectively imple-
mented and operate in a confined space. By utilizing the MPC
control algorithm, the car's oscillations are more effectively con-
trolled, resulting in improved comfort for passengers. The sim-
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ulation results demonstrate that the MPC controller not only sig-
nificantly enhances the control of car body oscillations but also
optimizes the suspension travel, keeping it within the design
safety limits. Furthermore, by minimizing the body acceleration,
MPC provides superior comfort and stability compared to tradi-
tional control methods, such as PID.

To better demonstrate the effectiveness of the proposed con-
trol strategy, assessing comfort only through the acceleration
limit approach is insufficient, as it does not fully reflect the sus-
pension’s performance during the entire ride. Consequently, in
accordance with the 1SO 2631 standard [17], the Root Mean
Square (RMS) acceleration method is adopted, which deter-
mines the mean acceleration over a specified time interval.

The expression for the weighted RMS acceleration is defined
as:

1T 05
ZS,RMS = |:?_[ ZSZ,RMS (t)dt:| ) (18)
0

..rus (1) represents the weighted acceleration, while T
refers to the measurement duration.

where, 7

The 1SO 2631 standard, e.g (see in [18]) specifies comfort
level values that serve as approximate indicators of ride comfort
in public transportation. Based on these reference values, Table
1 provides a quantitative evaluation of the improvement in ride
comfort. Table 1 demonstrates that the maximum value devia-
tions for acceleration of body displacement and RMS value in
the MPC controller are smaller than those observed in both the
PID controller and the passive suspension system. It can thus be
concluded that the MPC controller proposed in this study repre-
sents an effective approach for active suspension control, partic-
ularly in the context of high-end vehicles.

The PID controller is generally suited for straightforward ap-
plications requiring fast response and stability, whereas MPC is
more appropriate for complex systems that necessitate precise
prediction and flexible control actions. The presented method
yields a notable reduction in body acceleration, which contrib-
utes to greater stability and improved tire—road contact.

5 Conclusion

In this paper, the author has developed controllers for the ac-
tive suspension system of a quarter-car model using PID and
MPC control methods, with the primary goal of improving the
car's ride comfort. The simulation results show that the imple-
mentation of an active suspension system offers substantial ad-
vantages over the traditional passive suspension system.

The simulation results indicate that the MPC controller sig-
nificantly lowers the body acceleration amplitude compared to
both the PID controller and the passive suspension system. This
reduction in body acceleration leads to a substantial decrease in
vibrations, thereby enhancing ride comfort and overall driving

experience.

The suspension travel under MPC control is considerably re-
duced compared to both the PID and passive systems, highlight-
ing its effectiveness in maintaining system stability. Given these
simulation results, the implementation of the MPC controller for
a fully functional active suspension system is a practical and vi-
able solution for cars.
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