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ABSTRACT:This study presents a simulation-based analysis of an electromagnetic active
suspension system integrated with a proportional-integral-derivative (PID) control strategy, aimed
at improving vehicle stability and ride comfort. The system, which is based on the traditional
McPherson passive suspension structure, is designed to control suspension performance quickly
without contact and friction. The effectiveness of the system is evaluated through
MATLAB/Simulink simulations using a half-vehicle, four-degree-of-freedom model to assess
dynamic behavior under varied driving conditions. Key performance indicators such as body
acceleration, pitch angle acceleration, and suspension travel were examined to quantify
improvements. The proposed system achieved reductions of 27% in body acceleration, 22% in pitch
angle acceleration, 17% in front suspension travel, and 42.4% in rear suspension travel compared
to conventional suspension setups. This research showing improvements in handling, ride
comfort, and system adaptability to road conditions. In addition to improved vehicle dynamics,
the design contributes to lower maintenance needs and reduced environmental impact, making it
a promising framework for the development of advance automotive suspension technologies
aimed at improving safety, comfort, and energy efficiency.

KEYWORDS: Electromagnetic Suspension; PID Control; Ride Comfort;Vehicle Stability;Suspension
Travel

1.0 INTRODUCTION

The continuous pursuit of vehicle stability and ride comfort has intensified interest in
advanced suspension technologies capable of overcoming the inherent limitations of
conventional mechanical systems [1-2]. Electromagnetic suspension springs have gained
significant attention due to their ability to provide precise and real-time adjustments of
suspension characteristics through controlled electromagnetic forces [3-4]. This
technology promises superior handling, improved ride quality, and adaptability across
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varying road conditions, making it a strong candidate for modern intelligent automotive
applications. However, challenges such as design complexity, high production costs, and
material limitations continue to hinder widespread implementation. These unresolved
technical and practical constraints leave the potential of electromagnetic suspension
systems at a critical stage of research and development.

Recent advancements in electromagnetic suspension technology have significantly
expanded the potential of active and semi-active vehicle suspension systems. Gysen et al.
[5] introduced an electromagnetic active suspension system that integrates a permanent
magnet linear actuator control performance with a continuous force output of 755 N at 1
m/s and a maximum force of 4 kN at 0.1 m/s. Building upon this foundation, Asadi et al.
[6] developed a novel electromagnetic hybrid damper combining a viscous medium with
an electromagnetic generator, achieving a high damping coefficient suitable for full-
vehicle applications. Xiao et al. [7] further emphasized the benefits of pavement energy
recovery systems, which contribute to improved vehicle fuel efficiency through the
capture of road-induced vibrational energy.

In another innovative approach, Xing et al. [8] employed a linear motor actuator capable
of precise electromagnetic force control, effectively facilitating efficient electric energy
conversion. Zuo et al. [9] and Scully et al. [10], both proposed a four-phase machine design
characterized by compact structure and high reliability, although it was noted to suffer
from low energy conversion efficiency and inertial losses. More recently, Ding et al. [11]
introduced a cylindrical transverse flux linear motor that aligned well with simulation
predictions from Maxwell software, validating its design accuracy. Prajwal et al. [12]
presented a two-way electromagnetic actuator that demonstrated small size, low weight,
ease of control, and the capacity to improve vehicle handling across various road
conditions. Their work also highlighted the benefits of dynamic adjustment of elastic
stiffness to reduce vehicle tilt and vibration during high-speed maneuvers, thereby
enhancing safety and comfort.

Research into energy harvesting suspensions has also progressed, as seen in the work of
Pu et al. [13], who designed a ball screw shock absorber, though they reported that device
inertia negatively affected damping performance and energy feed efficiency. Xie et al. [14]
examined a damper integrating a ball screw and generator gearbox, capable of adjusting
damping characteristics but limited under low-frequency excitation. Zhang et al. [15]
introduced an electro-hydraulic damper, maintaining energy conversion efficiency at
approximately 60%. Chen et al. [16] applied linear quadratic gaussian (LQG) control to
modulate the damping force by adjusting circuit cell numbers, while Gao et al. [17]
designed a Pl-regulated energy feed circuit that achieved effective damping coefficient
regulation and energy management.

In addition, Darabseh et al. [18] investigated piezoelectric stacks installed in series with
suspension springs, achieving notable increases in harvest voltage and power output in
semi-car models. Most recently, Yan and Yan [19] optimized proportional-integral-
derivative (PID) controller parameters using a swarm optimization algorithm, which
significantly improved vehicle acceleration responses, reduced suspension dynamic
travel, and lowered peak tire dynamic load under varied road conditions. Similarly,
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Solihin et al. [20] demonstrated that PID controllers optimized using Particle Swarm
Optimization (PSO) achieved lower overshoot compared to those designed with the
classical Zeigler-Nichols (Z-N) method. Among the PSO-based controllers, similar
performance was observed except for the integral-time-square-error (ITSE) optimized
controller, which showed a longer settling time. The study highlighted that while the
classical method is useful for initial parameter estimation, modern optimization
techniques like the PSO significantly improve controller performance.

Despite the progress of electromagnetic suspension spring technology, there remain
significant challenges in its practical application. The design of electromagnetic
suspension springs involves complexity in material selection, structural optimization, and
electromagnetic field control, which directly affect the system’s stiffness and damping
characteristics. Additionally, problems such as the high cost of production, process
limitations, environmental adaptability, and reliability under vibration and impact have
not been fully resolved. These issues create a gap between theoretical development and
practical vehicle-level application, especially in ensuring long-term durability and
consistent performance on varying road surfaces. Furthermore, the industry still requires
more detailed studies focusing on optimizing systems, such as PID controllers, to meet
the demands of intelligent and energy-efficient automotive platforms.

To address these limitations, this study aims to design and simulate an electromagnetic
suspension spring system integrated with a PID control strategy based on the half-car
model. Ussing MATLAB for numerical modeling and dynamic simulation, the research
investigates the influence of control parameters on the mechanical properties of the
suspension system, such as body acceleration, pitch angle acceleration, and front and rear
suspension travel. The objective is to enhance vehicle handling performance, body
stability, and emergency response capability under various road condition. This approach
intends to provide valuable insights for improving ride comfort and safety in modern
vehicles, particularly for applications in autonomous driving and new energy vehicle
technologies, where precise and intelligent suspension control is increasingly critical.

2.0 METHODOLOGY

The research explores the design and simulation of an electromagnetic suspension spring
intended to enhance vehicle ride comfort and dynamic stability. Compared to traditional
passive systems, this electromagnetic suspension offers actively controlled stiffness and
damping properties, thus responding adaptively to varying road and driving conditions.
The methodology involves the conceptual design of an electromagnetic actuator system,
implementation of a Proportional-Integral-Derivative (PID) control strategy, realistic
pavement excitation modeling, half-car dynamic modeling, and a comparative analysis
between active and passive systems.

2.1 Operating Principle of Electromagnetic Suspension
Building upon the conventional McPherson suspension system, the proposed model

integrates an electromagnetic actuator based on the Vehicle Control Module (VCM)
principle to form a parallel arrangement with the mechanical spring and damper. This
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hybrid structure enables two operational modes with active vibration suppression
through PID-controlled electromagnetic force generation and energy recovery mode for
regenerative braking, where vibrational energy is stored in the vehicle’s battery system.
The electromagnetic suspension structure and its working principle are depicted in Figure
1, illustrating the functional components and their integration into the suspension

assembly.
Proportion
.+_
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Figure 1: PID control principle diagram

The PID controller operates as a closed-loop system that minimizes the error between a
target value and the actual output by processing the deviation through three control
actions which are the proportional, integral, and derivative. The proportional term
responds to present errors, the integral term eliminates steady-state errors by
accumulating past deviations, and the derivative term predicts future error trends,
enhancing system stability and responsiveness. Its advantages include simple structure,
easy tuning, and adaptability to various applications such as vehicle dynamics. The PID
system ensures precise, stable control with low cost and real-time adjustment capability,
improving ride comfort and safety under changing road conditions.

2.2 PID Control Strategy Development

The active suspension system was specifically designed to optimize key vehicle dynamic
responses, focusing on reducing body acceleration, pitch angular acceleration, and
suspension dynamic deflection. Among these, minimizing body acceleration was
prioritized as it directly influences ride comfort and overall vehicle performance. The
target output of the PID controller was set to ensure near-zero body acceleration, with the
electromagnetic force generated by the half-car model’s front and rear actuators serving
as the control output. The tuning of the PID controller’s parameters, Kp (proportional
gain), Ki (integral gain), and Kd (derivative gain), was critical to achieving the desired
system performance. Table 1 presents the general influence of these parameters on the
system responses, showing how each gain affects overshoot, response speed, settling
time, and steady-state error.

Table 1. Relationship between control parameters and control effects

Controls Parameter Respond Speed Overshoot Settling Time Steady-State Error
Kp Increase Decrease Minor Changes Increase
Ki Decrease Increase Increase Eliminate
Kd Minor Changes Decrease Decrease Minor Changes

Though a trial-and-error method, the PID controller parameters were carefully adjusted
to achieved optimal suspension performance. The Kp was increased gradually and set at
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37 to ensure a quick system response while preventing excessive oscillations. The Kd was
adjusted from zero upwards to reduce oscillation amplitude and improve system
stability, with an optimal value of 0.1 being determined to suppress vibrations without
delaying system response. Similarly, the Ki was fine-tuned to 0.1 to effectively eliminate
steady-state error while maintaining system stability and avoiding additional oscillations.
The parameter combination of Kp=37, Ki=0.1, and Kd=0.1 provided the best balance
between ride comfort, vibration damping, and pitch angle control. The tuning process
was guided by evaluating simulation results to ensure minimal body acceleration and
optimal pitch angle stability. The complete structure of the PID control subsystem built in
MATLAB/Simulink is shown in Figure 2, illustrating how the error between the references
and actual vehicle responses is processed through PID actions to adjust actuator forces
accordingly.

in1

Figure 2: PID control sub-model
2.3 Pavement Excitation Modeling

The pavement excitation serves as one of the most critical sources of vehicle vibration.
Here, the vehicle vibration originates from three primary sources. The first is road surface
undulations that transmit excitation energy through the tires. The second is vibrations
induced by the engine and other powertrain components. The third is disturbances
resulting from movements of the driver or passengers inside the vehicle. Among these,
road surface roughness has the most significant impact on vehicle vibration levels,
especially as the vehicle drives over fluctuating pavement surfaces that introduce
considerable excitation energy into the vehicle body.

To accurately replicate real-road excitation in simulation, a time-domain pavement
excitation model was established. According to the Chinese National Standard GB/T7031-
1986, road surfaces are classified into eight levels of roughness ranging from class A to
class H based on their power spectral density (PSD) characteristics. As summarized in
Table 2, the majority of domestic roads fall into Class B and Class C categories. In this
study, Class C pavement was specifically selected because it represents the typical
roughness characteristics of most Chinese roadways. The vehicle’s driving speed was set
at 40 m/s to simulate highway-level conditions. Since the research adopted a half-vehicle
model as the analysis object, the delay between the front and rear wheel excitations was
carefully considered. For a vehicle traveling at 40 m/s, the rear wheel experiences a time
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delay of 0.32 s relative to the front wheel as both pass over the same road profile. This
setting accurately accounts for the wheelbase and speed relationship.

Table 2. Pavement roughness classification

Road Lower Geometric Upper Lower Geometric Upper
Surface Grade Limit Mean Limit Limit Mean Limit
A 8 16 32 2.69 3.81 5.38
B 32 64 128 5.28 7.61 10.77
C 128 256 512 10.77 15.23 21.53
D 512 1024 2048 21.53 30.45 43.06
E 2048 4096 8192 73.06 60.90 86.12
F 8192 16384 32768 86.13 121.80 172.26
G 32768 65536 131072 172.26 243.61 344.52
H 131072 262144 524288 344.52 487.22 689.04

The random pavement excitation model based on Class C road roughness was
constructed in MATLAB/Simulink. The schematic diagram of the road surface excitation
simulation model is shown in Figure 3, which illustrates the generation of random road
displacement inputs according to ISO-based PSD data. The corresponding time-domain
simulation results of the C-Class pavement excitation input is presented in Figure 4,
clearly showing the generated road profile applied to the suspension system. The power
spectrum unevenness coefficient of the road surface was Gq (ng) = 256 X 107° m3, and the
vehicle driving speed was set at 40 m/s. Based on the semi-truck model study, there was
a delay of 0.032 m for the rear wheels compared to the front wheels when passing the
same level of road surface.

This realistic excitation model enabled the detailed analysis of suspension dynamic
responses under standard road disturbance conditions. It ensured that the
electromagnetic active suspension system’s performance evaluation was both accurate
and relevant to actual driving scenarios. Based on the fluctuation of the curves in the
Figure 4, within the time interval of 0 to 5 s, the road height fluctuated with time,
indicating that the road height changes were relatively frequent, meaning that the
frequency of road unevenness changes was high. Such high frequency road unevenness
changes would have frequent excitation effects on the vehicle’s suspension system and
driving stability, and in this research project, the influence of this high frequency road
input on vehicle performance need to be considered.
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Figure 3: Simulation model of random road surface dynamics
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Road Elevation (m)

Time (s)
Figure 4: Simulation results of random road input

2.4  Half-Car Suspension System Modeling

To simplify the complexity inherent in vehicle suspension systems while retaining
essential dynamic characteristics, a half-car model was established for simulating both
passive and electromagnetic active suspension systems. Several modeling assumptions
were made to facilitate this simplification. Firstly, the suspension systems were treated as
linear spring-damper assemblies. Secondly, the connections between the wheel and the
frame were modeled as rigid unsprung masses, while the connection between the body
and seating components was modeled as the sprung mass. Additionally, small vibrations
around the equilibrium position were assumed when the car body’s pitch angle
acceleration remained constant. The tire stiffness was considered constant and unaffected
by damping characteristics, and the electromagnetic actuator’s current coefficient was
assumed to remain stable despite magnetic field interactions. These assumptions allowed
for a manageable yet sufficiently accurate representation of vehicle dynamics.

The structural and physical parameters used for the half-car model were derived from an
experimental prototype, with detailed values provided in Table 3. These parameters were
essential inputs for accurately simulating the system’s vertical and pitch dynamics under
various road excitations. Here, the half-car model was implemented using
MATLAB/Simulink to construct both passive and active suspension simulation
environments. The passive suspension system model used for random road is illustrated
in Figure 5, while the electromagnetic active suspension model equipped with PID control
is shown in Figure 6. These simulation models enabled comparative analysis of
suspension performance, facilitating evaluation of the electromagnetic suspension’s
effectiveness in improving vehicle ride comfort, stability, and vibration control compared
to the passive system.

Table 3. Structural parameters of experimental prototype

Items Numerical Value Unit
Sprung Mass (ms) 2.74 Kg
Moment of Inertia of the Spring-Loaded Mass (Isy) 10.15 Kg-m?
Unsprung Mass of the Front Suspension (Mwf) 5.43 Kg
40
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Items Numerical Value Unit
Unsprung Mass of the Actual Suspension (Mwr) 5.43 Kg
Spring Stiffness of the Front Suspension (Ksf) 3400 N/m
Spring Stiffness of the Rear Suspension (Ksr) 3200 N/m
Damping Coefficient of the Front Suspension (Csf) 5 N/m-s
Damping Coefficient of the Real Suspension (Csr) 5 N/m-s
Front Suspension Elastic Element Stiffness (Kwf) 2600 N/m
Rear Suspension Elastic Element Stiffness (Kwr) 2600 N/m
Distance («) 0.18 m
Distance (f) 0.18 m
Wheelbase (L) 0.36 m

» out.Passive_1

out.Passive_2

out.Passive_3

out.Passive_4

out.Passive_5

out.Passive_6

out.Passive_7

out.Passive_8

Figure 5: Passive suspension random road simulation diagram
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Figure 6: PID control electromagnetic suspension simulation diagram
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2.5 Modeling of Half-Car Four-Degree-of-Freedom Passive Suspension System

In order to reflect the improvement of the performance of the electromagnetic active
suspension system, it is necessary to first establish the system dynamics model of the
passive suspension in MATLAB/Simulink, as well as the system dynamics model of the
electromagnetic active suspension under the action of the PID controller. The simplified
half-car passive suspension system dynamics model is shown in Figure 7. The suspension
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performance is evaluated by analyzing the longitudinal acceleration of the vehicle's center
of mass, the acceleration of the pitch angle, and the dynamic deformation of the front and
rear suspensions.

Zwf Zy,

Figure 7: Half-car four-degree-of-freedom passive suspension model

The physical quantities of the half-car four-degree-of-freedom passive suspension are as
follows where m; is the sprung mass, I, is the moment of inertia of the sprung mass
around the suspension center of mass position, m,, s and m,,,- are the unsprung masses on
the front and rear suspension wheels, a and b are the lengths between the front and rear
wheels and the equivalent center of mass of the suspension, K,r and K, r are the stiffness
of front and rear suspension elastic elements respectively, Csr and C, are the tire stiffness
of front and rear suspension wheels, g5 and g, are the road excitation of front and rear
suspension tires respectively. Z,r and Z,, are the longitudinal displacement of the
unsprung mass of the front and rear suspension wheels while Zs; and Zg, are the
longitudinal displacement of the sprung mass of the front and rear suspension. Z; is the
longitudinal displacement of the equivalent center of mass of the vehicle. If the dynamics
model of half-car suspension system can be regarded as a rigidly connected rigid body
after simplification, and the variation range of the pitch angle value of the position at the
center of mass of the dynamics model is extremely small, which can be expressed as
sing = ¢, then the equations can be expressed as Equations (1) and (2).

Zy=Zs—ap V0]
Zgy = Zs— b 2)
With reference to D 'Alembert's principle and with the frame as the research object, the

dynamic equations of longitudinal vibration and pitch motion at the equivalent center of
mass position of the suspension can be expressed as Equations (3) and (4).

mszs = sf(wa - Zsf) + Csf(zwf - Zsf) + Ksr(zwr - Zsr) + Csf(zwr - Zsr) (3)
Isydi = str(Zwr - Zsr) + szr(Zwr - Zsr) - ast(wa - Zsf) - aCsf (wa - Zsf) (4)
42
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The dynamic equation of the former and post-unsprung masses as the object of study can
be expressed as Equations (5) and (6).

MusZwr = Kup(Zar = 2wr) = Ko (2w = 2sp) = Cor (Zuws — Ze) ®)
M Zur = K (Zar = Zur) = Ksr (Zawr = Z6r) = Cor (awr — Zer) (6)
Take the system state space variable is given as Equation (7).

X1 = (2091 Zwps Zurs 20 $r g 2r) )
The input variable is given as Equation (8).

U=(ap.a) 8)
The output variable is given as Equation (9).

Y, = (Zs'érzwfrzwrrzswfrzswrrwazqwf:Kwquwr)T &)
Then its state space expression can be expressed as Equation (10).

{Xl = A, X + B,U (10)

Y1 = ClX + DlU
The matrices Al, B1, C1 and D1 are respectively expressed as Equations (11) to (14).

AI =
0 0 0 0 1 0 0 0
0 0 0 0 0 1 0 0
0 0 0 0 0 0 1 0
0 0 0 0 0 0 0 1
Ksf+Ksr aKsr+bKgy ﬁ Ksr Csf+Csr aCsr—bCsy Cif &
-mg mg mg mg —-mg ms mg ms (11)
aKsr=bKsr  alkep+b?Ksy  aKss bKgr aCsr=bCyr a?Csp+b?Cey aCs bCyy
Isy —Isy Isy Isy Isy Isy —Isy Isy
O _ My KgtRer st _%y o Sy
my myf myr myr myf —Myr
Ksr & 0 KsrtKwr Csr bCsr 0 _ Csr
Myr Myr —Mwr Mwr Mwr Myyr-
-0 0 -
0 0
0 0
0 0
0 0
Bi=1 o 0 (12)
Kor
mwf
0 Kuwr
mWT
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C =
'1st+KsT aKsf—bKgr ﬁ Ksr Csr+Csr aCsg—bCgyr Cif Csr 1
—-mg mg mg mg —-mg mg mg mg
aKsp—bKgr  a®Kgp+b?Kgy _ aKgf bKgr aCsp—bCsr  a®Csp+b%Cor aCsy  bCer
Isy Isy Isy Isy Isy —lsy —Iyy gy
Ksr _ sy Ky tKuy 0 Lsr T S
Mwf Mwf ~Mwg Mwf Mwf ~Mwf (13)
Ksr bKsr 0 Ksrt+Kwr Csr bCsr 0 —Csr
Myr Myr ~Mwr Myr Mwr Myr
1 —-a -1 0 0 0 0 0
1 b -1 0 0 0 0 0
0 0 —Kyy 0 0 0 0 0
0 0 0 —Kyr 0 0 0 0
0 0
0 0
Kor )
mwf
p=| o K (14)
mWT
0 0
0 0
Ky 0
0 Kwr

2.6 Modeling of Half-Car Four-Degree-of-Freedom Electromagnetic Active
Suspension System

On the basis of the original passive suspension system, electromagnetic active suspension
actuators are embedded between the front and rear dampers and springs respectively,
and the main power F,, generated, As shown in Figure 8, the electromagnetic drive of
F, is in parallel with the damper and spring, and the body mass of each wheel is
combined into a centroid mass m,. The pitching characteristics of half-car are analyzed
through a four-degree-of-freedom mechanical model.

| a t b
A : C
C @ Sk el ® sk
Fuf§ S Fur Sr
Z z
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Figure 8. Half-car four-degree-of-freedom electromagnetic active suspension model

Taking the body and the front and rear wheels as the research objects, the system
dynamics equation obtained from the force balance and torque balance can be expressed
as Equations (15) to (18).

mszs = sf(wa - Zsf) + Csf(zwf - Zsf) + Ksr(zwr - Zsr) + Csr(z.wr - Zsr)
+ Kysly + Kyr I

Isy(is = str(Zwr - Zsr) + szr(Zwr - Zsr) - ast(wa - Zsf) - aCsf(ZWf - 2sf)

+ bKuT'IT - aKquf

MyrZwr = Ky (Zgr — 2wr) = Ksp(Zws — Zsp) — Csp (Zwr — Zsp) — Kurly

mwrzwr = wr(zqr - Zwr) - Ksr(zwr - Zsr) - Csr (Zwr - Zsr) - Kurlr

Take the system state space variable as Equation (19).

.. . T
X, = (Zs:¢r warzwrrzsr¢r warzwr)

The input variable is given as Equation (20).

U=(p1q5.4,)

The output variable is given as Equation (21).

Y, = (ZS'¢IZWfIZWTIZSWf1ZSWT1KWquWf'KWTZqWT)

Then its state space expression can be expressed as Equation (22).

{XZ = A,X + B,U
YZ = CzX +D2U

The matrix A2, B2, C2 and D2 are respectively expressed as Equations (24) to (26).

0 0 0
0 0 0
0 0 0
0 0 0
st+KS‘r' aKSf—str ﬁ
—Ms ms ms
aKsp—bKgr  a?Ksp+b?Kgr aKsy
Isy _Isy Isy
Ksr _ClKSf Ksp+Kyyr
mwf mwf —mwf
Kor by 0
Mwr Mwr
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A2:
0
0
0
0

Ksr
ms
bKg,

Isy

0

KST+KWT

—Myr

1 0
0 1
0 0
0 0
Csp+Csr aCsg—bCsyr
B ms ms
aCsf—bCsr  a?Csp+b%Cey
Isy _Isy
Csr _aC_Sf
mwf mwf
Gsr_ bCsr
Mwr Mwr
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0 0
0 0
1 0
0 1
Csr Csr
ms ms
aCg f bCJ
Isy Isy
Cs f 0
—Myf
0 Csr
—Mwr

(15)

(16)

(17)

(18)

(19)

(20)

(21)

(22)

(23)
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0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
Kuf Kur 0 0
mg mg
B,={_ aKuf bKur 0 0 (24)
ISy ISy
— Kur 0 ﬁ
Mg Myg
0 _ Kur Kyr
Myr Myr
CZ =
r Ksp+Ksr aKsf—bKgyr ﬁ Ksr _Csf+Csr aCsg—bCsr Cif Csr 7
-mg mg mg mg mg mg mg mg
aKsp—bKer  a?Kgr+b?Kgy _ aKgf bKgr aCsp—bCsy  a?Cgp+b?Cy aCsf  bCsr
Isy _Isy Isy Isy Isy _Isy Isy Isy
Ksr _ s KyptKuy 0 Lsr aCsr Csf 0
Mwf Mwf —Mwf Mwf Mwf ~Mwf
Ksr by 0 Ketkur  Go bCsr e | 25
Myr Myr —Myr My My —Myyr
1 —-a -1 0 0 0 0 0
1 b -1 0 0 0 0 0
0 0 —Kyy 0 0 0 0 0
0 0 0 —K,pr 0 0 0 0
o o fwo K
ms ms
0 0 _ aKuf bKuT
IS)’ IS)’
Ky s Ky 0
Myy Mwy
b, = 0 wr 0 Kur (26)
Myr Myr
0 0 0 0
Kyr O 0 0
0 K, 0 0
0 0 0 Kyr

3.0 RESULTS AND DISCUSSION

This research project used MATLAB and Simulink software to compare the performance
of the electromagnetic active suspension system controlled by a PID strategy with that of
a traditional McPherson suspension. The study focused on four aspects of vehicle body
acceleration, pitch angle acceleration, front suspension dynamic travel and rear
suspension dynamic travel. The PID control system was tuned with parameters Kp equal
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to 37, Ki equal to 0.1 and Kd equal to 0.1. The PID parameters used in this study were
obtained through a systematic trial-and-error tuning process to ensure an effective
balance between stability, response speed, and vibration suppression. The Kp was first
adjusted by gradually increasing its value from a lower baseline. As Kp increased, the
system response became faster, however, higher values also introduced oscillations. At
Kp = 37, the suspension system achieved an appropriate compromise, providing quick
response while avoiding excessive instability or overshoot.

Following the adjustment of Kp, the Kd was tuned to further improve system stability.
Beginning with Kd = 0, the system exhibited oscillations at Kp = 37. Incremental increases
in Kd allowed these oscillations to be damped effectively while maintaining a sufficiently
rapid transient response. The value of Kd = 0.1 was found to provide the best balance,
significantly reducing vibration without introducing delay in the system’s response.

Finally, the Ki was adjusted to address steady-state error in the system response. With Kp
= 37 and Kd = 0.1 fixed, the system exhibited small residual errors in reaching the target
value. By gradually increasing Ki, the steady-state error was eliminated while ensuring
that no additional oscillations were introduced. A value of Ki = 0.1 was determined to
provide accurate target tracking while preserving overall system stability.

The chosen PID parameters therefore represent the optimal values for this research. In
this context, “optimum” performance is defined according to three main criteria of
minimizing oscillations during transient responses, maintaining a rapid and stable
response to road disturbances, and eliminating steady-state error while keeping vibration
levels within comfort and safety limits.

These criteria, aligned with the suspension performance objectives of ride comfort,
stability, and effective vibration suppression, form the standard by which the parameter
values were verified and selected. The simulation aimed to quantify improvements in ride
comfort and stability by measuring root mean square and peak values across each
dynamic response indicator. By examining how real-time adjustment of damping and
stiffness affects vibrations transmission and suspension travel, the study provides
evidence for the effectiveness of electromagnetic active suspension in enhancing driving
quality under identical road conditions.

3.1 Automobile Body Acceleration Simulation Analysis

The simulation results show a clear reduction in vehicle body acceleration when using the
electromagnetic active suspension system compared to the passive McPherson design as
shown in Figure 9. Specifically, the root mean square value of body acceleration was
reduced from 6.6994 m/s? in the passive suspension to 4.8308 m/s* with PID-controlled
active suspension, reflecting a performance improvement of approximately 27%. Peak
body acceleration also decreased, indicating fewer abrupt movements that passengers can
feel inside the cabin.

Further analysis of the time-domain results highlights two key observations as shown in
Figure 10. At the 3-second mark, the PID -controlled electromagnetic suspension
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significantly reduces body acceleration to 5.57 m/s?, compared with 12.45 m/s? for the
passive McPherson suspension, demonstrating superior transient response to road
disturbances. Additionally, at the 9-second mark where peak acceleration occurs, the
active suspension still maintains lower acceleration of 15.70 m/s? versus 22.45 m/s?,
indicating its effectiveness in limiting large vibrations and enhancing ride comfort.
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Figure 9: Body acceleration simulation comparison with red for PID-controlled suspension RMS
and blue for McPherson suspension RMS
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Figure 10: Automobile body acceleration peak value versus time

These reductions suggest that the electromagnetic suspension effectively filters road
disturbances by dynamically adjusting damping forces. As the PIC controller responds to
changes in road conditions, it modifies suspension stiffness and damping in real time to
maintain more stable vehicle body movement. This leads to improved comfort for
occupants and helps reduce the risk of resonance effects that can affect vehicle
components and passenger experience. The simulation confirms that under identical road
inputs, active suspension systems can deliver a smoother ride and improved safety by
better controlling vibration transmitted to the vehicle body.
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3.2  Pitch Angle Acceleration Simulation Analysis

Pitch angle acceleration as shown in Figure 11 represents the rotational movement of the
vehicle around its lateral axis, often noticeable during acceleration, braking and over
uneven road surfaces. The root mean square value of pitch angle acceleration was reduced
from 15.1652 rad/s? with passive suspension to 11.7992 rad/s? using the electromagnetic
active suspension, marking an improvement of about 22%. Peak pitch angle acceleration
also decreased, further demonstrating the system’s effectiveness in reducing sudden body
tilting.
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Figure 11: Pitch angle acceleration simulation comparison with red for PID-controlled suspension
RMS and blue for McPherson suspension RMS

The time-domain pitch angle acceleration data analysis as shown in Figure 12 reveals two
important observations. At the 3-second mark, the PID-controlled electromagnetic
suspension significantly reduces pitch acceleration to 16.82 rad/s?, compared with 38.41
rad/s? for the passive suspension, demonstrating a clear advantage in handling sudden
disturbances. Additionally, even at the 8-second mark, where both systems experience
larger peaks, the active suspension maintains a lower acceleration of 32.19 rad/s* versus
52.26 rad/s*, showing its ability to effectively limit excessive pitch motions under
challenging conditions.
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Figure 12: Pitch angle acceleration peak value versus time
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These results highlight how real-time control of stiffness and damping helps limit abrupt
pitch movements that affect passenger comfort and vehicle stability. By quickly adapting
to external disturbances, the electromagnetic suspension system suppresses excessive
body tilt under braking or acceleration, keeping the vehicle posture balanced. In contrast,
the passive McPherson suspension cannot adjust dynamically, leading to larger pitch
oscillations that can affect driving safety and comfort. This demonstrates that integrating
control strategies with electromagnetic suspension technology enhances the dynamic
responses and provides a more composed driving experience.

3.3  Simulation Analysis of Front Suspension Dynamic Travel

Front suspension dynamic travel projected in Figure 13 reflects the vertical displacement
of the suspension during driving and directly influences handling and comfort. The
simulation results show that the electromagnetic active suspension achieved a root mean
square dynamic travel of 0.2749 mm, compared to 0.3320 mm for the passive suspension,
corresponding to an improvement of about 17%. Peak travel was also reduced, which
helps prevent excessive suspension movement that could lead to loss of contact between
the tires and road surface.
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Figure 13: Front suspension dynamic travel simulation comparison with red for PID-controlled
suspension RMS and blue for McPherson suspension RMS
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Figure 14: Front suspension dynamic travel peak value versus time
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The time-domain results provided in Figure 14 show that the PID-controlled
electromagnetic suspension maintains lower dynamic travel values than the passive
suspension throughout simulation. Across the entire period, the active system’s peak
dynamic travel stays around 0.95 mm, slightly lower than the passive suspension peak of
about 1.00 mm.

More importantly, for most of the simulation, the active suspension keeps dynamic travel
between roughly 0.19 mm and 0.64 mm, while the passive system ranges higher, from
about 0.26 mm to nearly 0.88 mm. This reduction in both average and peak values
confirms that real-time adjustment of damping and stiffness effectively limits excessive
vertical movement, improves road holding, and enhances overall ride comfort and
handling stability.

By adjusting damping and stiffness in real time, the electromagnetic suspension limits
large vertical movements in the front wheels. This stabilizes the tire-road contact patch
and helps maintain steering precision, especially when driving over uneven surfaces.
Lower suspension travel reduces the potential for bottoming out and lessens wear on
suspension components. The data demonstrate that this dynamic adaptability improves
both ride quality and vehicle handling without compromising the suspension system’s
ability to absorb road irregularities.

3.4 Simulation Analysis of Dynamic Travel of the Rear Suspension

The rear suspension plays a critical role in balancing body stability, particularly during
acceleration and on rough roads. The simulation provided in Figure 15 shows that the
electromagnetic active suspension system reduced the root mean square dynamic travel
from 0.2926 mm in the passive suspension to 0.1683 mm, an improvement of
approximately 42.4%. Peak rear suspension travel was similarly reduced, which is
significant for controlling rear axle motion and maintaining passenger comfort in the
back seats.
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Figure 15: Rear suspension dynamic travel simulation comparison with red for PID-controlled
suspension RMS and blue for McPherson suspension RMS
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Examination of the time-domain data as shown in Figure 16 reveals that the PID-
controlled electromagnetic suspension consistently keeps rear suspension dynamic travel
at lower levels than the passive system. While the passive suspension shows higher
fluctuations, often exceeding 0.50 mm and peeking near 0.85 mm, the active system
generally holds dynamic travel below 0.45 mm, with a peak of around 0.62 mm. This trend
demonstrates that active control smooths out larger displacements, especially under
sudden road inputs, and prevents excessive vertical motion of the rear axle.

Through continuous monitoring of road inputs and adjusting damping and stiffness, the
electromagnetic suspension effectively limits large vertical displacements at the rear
wheels. This helps keep the vehicle body more stable and reduces the oscillations that
passengers feel, lowering fatigue and improving ride quality. In contrast, the passive
suspension relies on fixed characteristics and cannot react to changing loads, leading to
large suspension strokes and less predictable dynamic behavior. The simulation confirms
that an actively controlled suspension can better adapt to road conditions, improve

comfort and enhance driving safety by maintaining stable rear axle dynamics.
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Figure 16: Rear suspension dynamic travel peak value versus time
3.5 Comparative Simulation Results

The final simulation comparison between the electromagnetic active suspension with PID
control and the conventional passive McPherson suspension demonstrates significant
improvements in dynamic performance across multiple aspects. The active suspension
reduced body acceleration by approximately 27% and pitch angle acceleration by around
22%, effectively lowering the vibration levels experienced by passengers and enhancing
ride comfort. In terms of suspension travel, the system achieved a reduction of about 17%
at the front and an even more pronounced improvements of over 42% at the rear, which
helps maintain tire-road contact and limits excessive body motion. These improvements
reflect the ability of the PID-controlled electromagnetic suspension to dynamically adjust
damping and stiffness in response to varying road conditions, resulting in smoother
vehicle responses and better handling stability. Collectively, the data confirm that active
control, strategies can bring measurable benefits over passive designs, supporting the
goal of achieving higher levels of safety, comfort and driving quality in modem
automotive engineering.
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4.0 CONCLUSION

This research proposed and simulated an electromagnetic active suspension system built
on the traditional McPherson suspension architecture, integrating a PID control strategy
to achieve real-time adjustment of damping and stiffness. Through modeling and
analysis, the system was tested across four performance aspects of body acceleration,
pitch angle acceleration, front suspension dynamic travel, and rear suspension dynamic
travel. Simulation results demonstrated measurable improvements, with reductions in
vibration and suspension movement ranging from approximately 17% to over 42%
compared to the passive design. These improvements validate that electromagnetic
actuation combined with PID control can effectively filter road disturbances and maintain
better tire-road contact, thereby enhancing ride f=comfort and handling stability. The PID
parameters were verified through a systematic tuning process, where Kp, Ki, and Kd were
gradually adjusted to balance rise time, stability, oscillation suppression, and steady-state
accuracy. The final values (Kp = 37, Ki = 0.1, Kd = 0.1) were selected as the optimum set
according to criteria of rapid and stable response, minimal oscillations, and elimination
of steady-state error. It should also be noted that the McPherson suspension model
applied in this study was based on experimental teaching equipment at our institution.
While this provided a consistent baseline for comparing passive and active suspension
performance under identical conditions, its parameters may differ from those of actual
vehicle suspension. As such, direct validation against real vehicle data or published
experimental results has not yet been performed. Future work will focus on conducting
such validation to further confirm the generalizability and practical applicability of the
findings. Overall, the study demonstrates that integrating active control strategies into
existing suspension layouts can deliver significant improvements in comfort, stability,
and safety, while also offering a feasible pathway for advancing modern automotive
suspension design.
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