
Received: 25 June 2026

Revised: 13 July 2026

Accepted: 31 July 2026

Published: 2 August 2026

Copyright: © 2026 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license.

Article

Research on Vibration Energy Recovery from a Horizontal Seat
Suspension System
Igor Maciejewski * , Sebastian Pecolt , Andrzej Blazejewski , Bartosz Jereczek , Tomasz Krolikowski
and Tomasz Krzyzynski

Department of Mechatronics and Automation, Faculty of Mechanical and Energy Engineering, Koszalin
University of Technology, Sniadeckich 2, 75-453 Koszalin, Poland; sebastian.pecolt@tu.koszalin.pl (S.P.);
andrzej.blazejewski@tu.koszalin.pl (A.B.); bartosz.jereczek@tu.koszalin.pl (B.J.);
tomasz.krolikowski@tu.koszalin.pl (T.K.); tomasz.krzyzynski@tu.koszalin.pl (T.K.)
* Correspondence: igor.maciejewski@tu.koszalin.pl; Tel.: +48-94-3478-471

Abstract

This paper presents an experimental study of vibration energy recovery from a horizontal
seat suspension system in which a brushless direct current (BLDC) motor is used as both
an active force actuator and a controllable regenerative braking element. The novelty of
the study lies in the experimental validation of an active/regenerative switching strategy
for a horizontal seat suspension and in the quantitative comparison of passive, fully active
and regenerative operating modes under random vibration excitation and different inertial
loads. The proposed system was evaluated using transmissibility functions, seat effective
amplitude transmissibility (SEAT) factors, suspension travel, and electrical quantities gener-
ated in the braking branch. The results show that the fully active mode provides the highest
vibration attenuation, whereas the regenerative mode reduces the SEAT factor compared
with the passive suspension while simultaneously producing measurable electrical power
in the braking resistor network. The maximum measured electrical power in the braking
branch reached 7.692 W for the WN3 excitation signal and an 80 kg load. The obtained
results confirm the practical potential of regenerative braking for potentially reducing the
net energy demand of active seat suspension systems, while also highlighting the trade-off
between vibration attenuation, suspension travel, and recoverable electrical power.

Keywords: horizontal seat suspension system; vibration control; energy harvesting

1. Introduction
Energy harvesting from vibrating systems is a key research area in the fields of me-

chanical and electrical engineering. It is also important in materials technology. The
phenomenon is based on the conversion of mechanical energy, generated by ambient or
system vibrations, into useful electrical energy. This energy can be used to supply Internet
of Things (IoT) sensors, autonomous low-power systems, or auxiliary devices, and it can
also reduce the total external energy demand of vibration-control systems. The primary
vibration energy recovery methods include electromagnetic, electrostatic, and piezoelec-
tric solutions. These three technologies use a different energy conversion process, which
determines their effectiveness, implementation limitations, and range of applications.

The piezoelectric conversion uses piezoelectric materials such as different types of
ceramics [1,2], polymers [3,4], composites [5] or organic materials [6]. The phenomenon
that allows for the accumulation of energy is called a piezoelectric effect and was first
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observed in 1880 by the Pierre and Jacques Curie brothers. The ions or charges in a material
are asymmetrically shifted when mechanical stress occurs. Their small size and low weight
are suitable for use in energy recovery subsystems in a wide range of ground transport, for
example, roadways [7], rails [8], bridges [9], or speed bumps [10], and in areas related to
everyday duties and natural phenomena.

Energy harvesters based on electrostatic conversion usually use the variable capac-
itance of capacitors. They convert vibrations from microelectromechanical systems into
electrical energy when relative motion between two plates is present. The efficiency of
this method depends on the scale of the system, and its highest values are found in very
small-scale systems such as microsensors. The major use of them is for medical purposes
like intra-cardiac implants [11], neural implants [12], or wearable devices [13].

Electromagnetic harvesters work in accordance with Faraday’s Law. The energy is
produced when magnetic flux induces a current in a coil or conductor. This method is
commonly and widely used in automotive [14,15], railway [16], and other regenerative
systems [17]. This method is characterized by long-lifetime work, robustness, and higher
output currents than previously mentioned ones. There are also some disadvantages like
low output voltage and lower efficiency at small sizes of electromagnetic devices [18].
There are various configurations of technical solutions in the aspect of structures like single
or multiple [19] magnet usage or in the aspect of moving parts like harvesters with moving
coils [20] or magnets [21].

A further evolution of electromagnetic harvesters can be considered as recuperative
braking. In such systems, kinetic energy during braking phases of electric motors can
produce portion of electrical energy in accordance with induction laws. It can be redi-
rected to recharge batteries or supercapacitors, or can be used directly to power sensors
present in the system, thereby contributing to the overall energy efficiency of the device.
Moreover, advanced control strategies are employed to regulate the energy conversion
process, ensuring optimal performance while minimizing potential issues like fluctuation
in power output.

Regenerative and semi-active vibration-control systems are particularly relevant for
seat and vehicle suspension applications because they involve a direct compromise be-
tween vibration attenuation, suspension travel and recoverable electrical energy. Recent
studies have investigated electromagnetic dampers, semi-active suspension systems, and
inerter-based concepts, including phase-deviation compensation in semi-active suspension
control [22]. However, many of these studies focus on vertical vehicle suspension, elec-
tromagnetic damping or general energy harvesting, whereas fewer papers experimentally
analyze a horizontal seat suspension in which the same electric motor operates both as an
active actuator and as a regenerative braking element.

Recuperative braking can also be used for semi-active and active seat suspension
systems. As mentioned in [23], the permanent magnet synchronous motor (PMSM) was
adapted to the vehicle body and unsprung mass via mounting rings and played the
role of electromagnetic damper. With an external circuit equipped with resistors and
metal–oxide–semiconductor field-effect transistor (MOSFET) drivers, this solution pro-
vides the possibility for controlling the damping force of suspensions by connecting phases
of the motor in various series-parallel resistor configurations, providing the possibility of
semi-active control of the seat suspension system. In the present paper, this idea is extended
so that the brushless direct current (BLDC) motor acts as a force generator opposing the
seat suspension forces or as an energy harvester in regenerative braking mode, which will
be explained further in the publication.

The main research gap addressed in this paper is the lack of experimental verification
of the trade-off between vibration isolation performance and recoverable electrical power in
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a horizontal active seat suspension system operating under random excitation and different
mass loads. The main contributions of this study are as follows: (I) development of a BLDC-
motor-based horizontal seat suspension system operating in motoring and regenerative
braking modes; (II) identification of the active and braking force characteristics required
for control implementation; (III) experimental comparison of passive, fully active, and
regenerative suspension modes under different excitation intensities and mass loads; and
(IV) quantitative assessment of vibration isolation performance using transmissibility, SEAT
factor, and suspension travel together with RMS current, average electrical power, and
recoverable energy generated in the braking branch.

From a practical point of view, harvesting additional energy available from working
devices is preferable to relying exclusively on external power sources because it can re-
duce the net energy demand of active systems. In the present prototype, the generated
electrical energy is dissipated in a controlled resistor network; therefore, the reported
electrical quantities should be interpreted as recoverable energy potential rather than net
stored energy.

2. Physical and Mathematical Model of the Active Horizontal
Seat Suspension

In Figure 1a a schematic representation of an active horizontal seat suspension system
is presented. The seat is connected to the servo-drive, which provides active force Fax,
generated via control inputs ua, ub, uc and, subsequently, the electrical currents ia, ib, ic. The
motor generates a torque Te directly on the rotor of angular displacement θe, influencing
the seat’s horizontal vibration qx. The mass m simulates the driver presence that is exposed
to the input vibration qsx considered as external disturbances. The Figure 1b shows an
actual experimental set-up used to test the vibro-isolation properties of the seat. The seat is
mounted on a test rig with mechanical components that simulate real-world vibrations and
forces. The setup includes sensors and actuators to measure the seat’s response to vibrations,
ensuring that the active suspension system can effectively mitigate unwanted oscillations.

qsx

m

qx
Ffx

Fcx

Fdx

(a) (b)

Fbx

Figure 1. Physical model of the active horizontal seat suspension (a) and experimental set-up for
measuring its vibro-isolation properties (b).

To measure the vibration of both the shaker and the suspended mass, two high-output
linear accelerometers are utilized. Additionally, a cable extension position sensor tracks the
relative displacement of the suspension mechanism. A PC-based data acquisition system,
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i.e., comprising modular hardware, application software, and a computer, is employed to
capture and process these measurements. The equation of motion for an active horizontal
seat suspension is defined as the sum of forces acting on the isolated body:

mq̈x = −Fcx ± Fbx − Fdx − Ffx + Fax (1)

where m is the mass of isolated body, qx is the displacement of a seat, Fcx is the conservative
force of two tension springs, Fbx is the discontinuous force of end-stop buffers that limit
the overall stroke of a horizontal suspension, Fdx is the damping force of a shock-absorber,
Ffx is the dissipative friction force of a suspension mechanism. The mathematical models
of the passive forces mentioned above are discussed in the Authors’ previous paper [24].
The electromagnetic torque Te is generated by using the BLDC motor, which is, in turn,
converted into the horizontal force Fax. The resulting active force is defined as follows:

Fax =
pλ

re
(ϕaia + ϕbib + ϕcic) (2)

where p is the number of pole pairs, λ is the amplitude of flux induced by permanent
magnets, re is the length of a lever arm coupling the motor and suspension system, ϕa, ϕb,
ϕc are the phase electromotive forces that are trapezoidal in the case of BLDC motors and
ia, ib, ic are the phase currents flowing through the motor windings. These currents are
oriented in the three-phase reference frame (abc-frame) and are determined as follows [25]:

i̇a =
1

3Ls

[
uab + ubc − 3(Rs − Rext)ia + 3λpθ̇r(−2ϕa + ϕb + ϕc)

]
i̇b =

1
3Ls

[
−uab + ubc − 3(Rs − Rext)ib + 3λpθ̇r(ϕa − 2ϕb + ϕc)

]
(3)

i̇c = −
(
i̇a + i̇b

)
where Ls is the motor inductance, uab and ubc are the supply voltages (phase to phase), Rs

is the motor resistance, Rext is the external resistance responsible for regenerative braking
of the BLDC motor, and θr is the rotor angular position.

3. Active Vibration Control with Regenerative Braking
The control strategy considered in this paper is based on field-oriented control (FOC),

which enables efficient torque control of the BLDC motor in motoring mode and supports
switching to the regenerative braking mode when the demanded control force is opposite
to the relative velocity of the suspension mechanism. A block diagram of the proposed
control system with the energy recovery braking subsystem is presented in Figure 2.

The FOC method requires decomposition of the three-phase instantaneous motor
currents ia, ib, ic into two current components id, iq oriented in the rotating reference frame
(dq frame) by using the Park transformation [26]:

[
id
iq

]
=

2
3

[
sin(pθr) sin(pθr − 2

3 π) sin(pθr +
2
3 π)

cos(pθr) cos(pθr − 2
3 π) cos(pθr +

2
3 π)

] ia
ib
ic

 (4)

where id and iq are the resulting direct and quadrature components of the invariable current
vector, respectively. Then, two proportional-integral controllers (PI in Figure 2) may be
simply implemented to regulate the motor dynamics according to the following principles:

• Changing the direct component id is responsible for setting the magnetic flux.
• Adjusting the quadrature component iq is responsible for controlling the motor torque.
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Typically, the direct component id of the current vector is settled to be zero (id = 0) in
order to maximize the motor torque. Thus, the desired active force (Fax)des is assumed to
be proportional to the setting current (iq)set of the quadrature component:

(iq)set =
re
ke
[−k1q̇x − k2(qx − qsx)︸ ︷︷ ︸

(Fax)des

]

for (Fax)des · (q̇x − q̇sx) ≥ 0 ← motoring mode

(5)

where ke is the torque constant of BLDC motor, q̇x is the absolute velocity of isolated body,
qx − qsx is the relative displacement of suspension system, and k1 and k2 are the control
parameters responsible for reducing the harmful vibration (feedback gain k1) or limiting
the suspension stroke (feedback gain k2) in the motoring mode of an electric actuator.

Inverter

ia

ib

ic

Park

transformation

Inverse

Park

transformation

PI

PI

iq

0

+

+

Seat

suspension

Faxqx-qsx

qx

.k1

k2

-
-

-

-

(id)set

(iq)set

qsx

Power

supply
ubc

uabud

uq

id

Energy

regenerative

braking

Power

recovered
(ia)reg

(ib)reg

(ic)reg
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. .

Control

logic

ubrk

Control

switchesre
ke

(Fax)brk

for kbrk(Fax)des (qx-qsx)<0          braking.
. .

(Fax)des

kbrk

(Fax)brk

sw

Figure 2. Block diagram of the proposed control system of an active horizontal seat suspension with
the energy recovery braking subsystem.

When the setting currents (id)set and (iq)set are specified, then the PI controllers should
efficiently minimize the errors between demanded and actually measured motor currents
by applying appropriate voltages ud and uq. In succession, these voltages specified in
rotating reference frame (dq frame) shall be transformed back into stationary reference
frame (abc frame) by employing the inverse Park transformation [26]:[

uab

ubc

]
=

2
3

[ √
3 cos(pθr − π

3 ) −
√

3 sin(pθr − π
3 )

−
√

3 cos(pθr)
√

3 sin(pθr)

][
ud

uq

]
(6)

The braking force (Fax)brk generated by the BLDC motor during regenerative braking
is approximated as a quadratic polynomial function with interactions between the relative
velocity q̇x − q̇sx of a suspension system and the voltage signal ubrk that is used for motor
control in regenerative braking mode:

(Fax)brk = a + b(q̇x − q̇sx) + c(q̇x − q̇sx)
2 + dubrk + e(q̇x − q̇sx)ubrk (7)
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where a, b, c, d and e are the numerical constants to be calculated by using the least square
method from the measurement results. The inverse polynomial model defining the control
signal of the BLDC motor in braking mode is as follows:

ubrk = −a−b(q̇x−q̇sx)−c(q̇x−q̇sx)2+(Fax)brk
d+e(q̇x−q̇sx)

for kbrk(Fax)des︸ ︷︷ ︸
(Fax)brk

·(q̇x − q̇sx) < 0 ← braking mode (8)

where kbrk is the ratio between the braking force (Fax)brk achieved for an original hardware
implementation of the energy recovery braking subsystem and the desired active force
(Fax)des of a specific motor type. The numerical parameters of the BLDC motor and its
braking subsystem are listed in Appendix A.

4. Hardware Implementation
In this work, a system was developed to implement the regenerative braking function

for a BLDC motor. Braking resistors (R1a, R1b, R1c, . . . , R5a, R5b, R5c) are connected to the
three windings of the motor using switching transistors (T1a, T1b, T1c, . . . , T5a, T5b, T5c). The
schematic diagram of this solution is presented in Figure 3.

La Ra R1a

R1b

R1c

GND

T1c

uab

ubc

Rb

Rc

Lb

Lc

T1b

T1a

R5a

R5b

R5cT5c

T5b

T5a(i5a)reg

sw1

sw5

Recovery braking subsystem

(i5b)reg

(i5c)reg

(i1a)reg

(i1a)reg

(i1a)reg

Figure 3. Hardware implementation of the energy recovery braking subsystem operating together
with BLDC motor.

An external microcontroller converts the analogue braking voltage signal ubrk gener-
ated by the control logic into one of five digital signals (sw1, . . . , sw5). Each of these signals
activates a specific group of MOSFET transistors via a transistor driver. At any given
time, only one subgroup of transistors can be activated, enabling the braking intensity to
be divided into five levels, ranging from minimum to maximum. The resistance values
of individual resistors are determined experimentally to ensure an even distribution of
braking force levels. The highest braking intensity corresponds to ubrk = 5 V, while the
lowest corresponds to ubrk = 0 V. The corresponding resistance levels are as follows:
0.1 Ω; 0.15 Ω; 0.22 Ω, 0.33 Ω and 0.47 Ω. The currents (i1a)reg, (i1b)reg, (i1c)reg, . . . , (i5a)reg,
(i5b)reg, (i5c)reg induced in the motor windings during regenerative braking are measured
using current sensors (ACS742 manufactured by Allegro Microsystems) based on the Hall
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effect. This approach enables precise recording and further analysis of the regenerated
current intensity.

In the present laboratory prototype, the electrical energy generated during regenerative
braking was not stored in a battery or supercapacitor. Instead, it was dissipated in a
controlled resistor network connected to the BLDC motor windings through MOSFET
switches. Therefore, the reported current and power values should be interpreted as the
recoverable electrical power available in the braking branch, rather than as net stored
energy. The purpose of this implementation was to quantify the energy recovery potential
of the suspension system and to verify the controllability of the regenerative braking force.
The RMS current in the braking branch is calculated as

IRMS =

√
1
T

∫ T

0
i2(t) dt, (9)

or, for sampled data, as

IRMS =

√√√√ 1
N

N

∑
n=1

i2[n]. (10)

For the resistor network used in the regenerative braking branch, the instantaneous electri-
cal power is determined from the measured phase currents and active resistance level as

Pbrk(t) = ∑
j

Rji2j (t), (11)

where Rj is the resistance connected in the active braking branch and ij(t) is the corre-
sponding measured current. The average electrical power and recoverable energy over the
measurement interval T are then defined as

Pavg =
1
T

∫ T

0
Pbrk(t) dt, (12)

Ebrk =
∫ T

0
Pbrk(t) dt. (13)

If the power consumed by the drive in motoring mode is measured in future experiments,
the net energy balance can be evaluated as

Enet = Emot − Ebrk, (14)

and the corresponding recovery ratio can be estimated as

ηrec =
Ebrk
Emot

· 100%. (15)

In the present study, the net energy balance of the complete drive system was not evaluated
because the prototype did not include a bidirectional DC-link converter or energy storage
unit. Losses in the inverter, switching elements and motor windings were therefore not
separated from the braking-branch measurement and should be addressed in future work.

5. System Identification
The next objective of the research is to analyze how the active braking force generated

by the BLDC motor changes as a function of the relative displacement and different set
values of the quadrature current component (iq)set. In Figure 4a, the experimental data
(dotted lines-measurements) showing the actual active force exerted by the motor for
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different values of (iq)set, i.e., 0 A, 5 A, 10 A, 15 A, and 20 A, are presented. In this case,
the sinusoidal movement of suspension mechanism is applied at relative displacement of
±0.014 m. The solid lines (approximations) show a very close match to the measurements,
indicating a reliable approximation model (Figure 4b). The force output of an electric
motor increases proportionally in the current domain. This suggests that the active force
in motoring mode is primarily a function of the setting current, whereas the relative
displacement of the suspension mechanism is irrelevant. Therefore, the objective is to
identify the control signal (i.e., current) that corresponds to a desired active force.
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Figure 4. Measured active forces (dots) and their average values (solid lines) in motoring mode versus
the relative displacement of the suspension mechanism for different quadrature current settings (a)
and linear approximation of the desired active force (b).

The identification process shown in Figure 5 provides a model of the BLDC motor
operating in regenerative braking mode, with forward and inverse mappings between
braking force, braking control signal, and relative suspension velocity. Experimental
measurements are required to model the regenerated braking force as a function of brake
signal and relative velocity. In the first step, the actual braking force is obtained for different
combinations of control voltage and relative velocity. Figure 5a presents the braking
force as a function of brake signal and relative velocity, where the blue points represent
measured data. The colored surface represents the fitted quadratic regression model used
to approximate the measured braking force. This surface shows that the braking force
increases with the brake signal and changes with relative velocity. Figure 5b shows the
inverse model of the control signal as a function of braking force and relative velocity. This
inverse function is required for real-time control because it enables the controller to calculate
the braking signal needed to obtain a desired braking force for a given relative velocity.

Figure 5. Measured and approximated braking force versus relative velocity and brake signal (a) and
its inverse approximation (b).

6. Laboratory Experimental Results
6.1. Experimental Procedure and Signal Processing

Figure 6 displays the excitation signals employed throughout the experimental testing
of the seat suspension system, comparing three distinct input scenarios across passive,
active, and regenerative control modes. The visualization is structured with time-domain
profiles on the left and corresponding frequency-domain responses on the right. In the
time-domain plot (Figure 6a), the base acceleration over an exemplary 3 second duration
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to illustrate the transient behavior of each excitation signal. Figure 6b presents the Power
Spectral Density (PSD) functions of these excitations. By measuring power per unit fre-
quency, this graph demonstrates how energy is distributed across the spectrum, revealing
the exact energy levels delivered at specific frequencies. The three curves, labeled WN1,
WN2, and WN3, correspond to low, medium, and high vibration intensities, respectively.
These signals function as band-limited white noise, produced by a random waveform
generator, with their spectral characteristics established through low-pass and high-pass
filtering within a 0.5–10 Hz frequency range. Although these signals do not originate from
real-world on-road vehicle measurements, they are highly effective standard tools used
in seat manufacturers’ test laboratories to evaluate the vibration-isolation performance of
seat suspension systems. This specific arrangement enables a highly controlled study of
seat suspension dynamics, allowing researchers to adjust the motor’s output and precisely
observe how different vibration intensities impact the behavior of the suspension system
when loaded by different masses. The time of a single measurement is 300 s and data from
the acceleration and displacement sensors are recorded at a sampling rate of 1 ms.

0 1 2 3
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-10
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WN1
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P
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D
 [

(m
/s

2
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/H
z
] (b)

WN1

WN2

WN3

Figure 6. Time histories of the excitation signals (a) and their Power Spectral Densities (PSDs) (b) at
different intensities: WN1, WN2 and WN3.

The seat displacement, base displacement or acceleration, and regenerated phase
currents were recorded synchronously. The current in the regenerative braking branch
was measured using ACS742 Hall-effect current sensors. Hall-effect linear current sensors
with over-current fault output for <100 V isolation applications are utilized in order to
continuously monitor the phase currents. The switching logic between motoring mode and
regenerative braking mode is realized by the control algorithm defined by Equations (5) and
(8). If the desired active force and the relative velocity of suspension system are consistent,
then the motoring mode is turned on. In turn, if the signs of the desired force and the
relative velocity are opposite, then the braking mode is activated. The switching delays
between these modes are achieved at the level of the micro-controller sampling time, i.e.,
1 ms. The transmissibility functions were calculated in the frequency domain as the ratio
between the seat response and base excitation.

6.2. Dynamic Performance and Energy Recovery Evaluation

Figure 7 illustrates the time-domain behaviour of the BLDC motor and the regen-
erative braking subsystem for three excitation intensities,: WN1, WN2 and WN3. The
subplots are arranged in pairs. In the left column, the setting current of the quadrature-axis
component (iq)set and the braking control voltage ubrk are shown. In the right column,
the corresponding regenerated phase currents (ia)reg, (ib)reg and (ic)reg are presented. The
shaded regions indicate intervals in which the regenerative braking branch is activated.
During these intervals, the braking signal ubrk controls the connection of the resistor net-
work to the motor windings, and the generated phase currents represent the electrical
response of the BLDC motor in regenerative braking mode.
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Figure 7. Time-domain signals of the BLDC motor and regenerative braking subsystem for different
excitation intensities: WN1 (a,b), WN2 (c,d) and WN3 (e,f). The left column shows (iq)set and ubrk,
while the right column shows regenerated phase currents (ia)reg, (ib)reg and (ic)reg. Shaded regions
indicate regenerative braking intervals.

The time-domain results show that the activation of the braking signal ubrk corre-
sponds to the intervals in which the BLDC motor works as a generator and the resistor
network dissipates the generated electrical power. In the shaded regions, (iq)set is re-
duced or changes according to the switching condition, while ubrk determines the braking
intensity. As the excitation intensity increases from WN1 to WN3, the relative velocity
of the suspension mechanism increases, which produces higher induced electromotive
force in the motor windings. Consequently, the regenerated phase currents have larger
amplitudes and the recoverable electrical power increases. This confirms the expected
physical relationship between mechanical vibration intensity, regenerative braking current
and recoverable electrical power.

The results in Figure 8 illustrate the transmissibility functions of different seat sus-
pension systems (passive, active and regenerative) under varying load conditions (40 kg,
60 kg and 80 kg) and different excitation intensities (WN1–WN3). In the case of passive
suspension system (Figure 8a,b) the effect of excitation intensity (Figure 8a,c,e –left panel) in
the fact that the transmissibility is highest at low frequencies (0–3 Hz), gradually decreasing
at higher frequencies. Variations between WN1–WN3 are minor but indicate that higher
excitation intensities very slightly increase transmissibility at certain frequencies. The
effect of mass load (Figure 8b,d,f–right panel) shows that increasing the mass load from 40
kg to 80 kg results in a slight shift in peak transmissibility. The transmissibility at lower
frequencies (approx. 0.5 Hz) is firstly higher for lower mass loads (40 kg), but then reduces
(in range 1–2 Hz) as mass increases, suggesting improved damping with heavier mass
loads. Above 2 Hz to the end of the tested frequency range, the effect is the opposite.
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Figure 8. Transmissibility functions of the passive (a), active (c) and regenerative (e) seat suspension
system at different excitation intensity: WN1–WN3 and the same mass load: 60 kg (figures on the
left hand side); transmissibility functions of the passive (b), active (d), and regenerative (f) seat
suspension system at various mass load: 40–80 kg, the same excitation intensity WN2.

Figure 8c,d shows the results for the fully active suspension system. Compared with
the passive suspension, the active system substantially reduces the transmissibility over
the analyzed frequency range. The transmissibility remains relatively stable across the exci-
tation signals WN1–WN3 and is mostly below unity, which confirms improved vibration
isolation. The influence of mass loading is visible mainly around the low-frequency peak
and at higher frequencies, where the increased inertial load modifies the dynamic response
of the seat suspension.

Figure 8e,f present the vibro-isolation properties of the proposed regenerative suspen-
sion system. The regenerative mode reduces transmissibility compared with the passive
system; however, its vibration attenuation is lower than that of the fully active system,
especially in the low-frequency range of approximately 1–3 Hz. This behaviour reflects
the fundamental trade-off between vibration reduction and energy recovery. In the re-
generative mode, a part of the mechanical vibration energy is converted into electrical
energy and dissipated in the braking resistor network. As a result, the system provides
additional damping and measurable recoverable electrical power, but it does not reproduce
the full control authority of the active mode. The numerical values of SEAT factor and
suspension travel for the passive, active and regenerative seat suspension at different
excitation intensities and mass loads are reported in Table 1.

The SEAT factor was calculated as the ratio between the RMS acceleration of the seat
and the RMS acceleration of the suspension base:

SEAT =
aseat,RMS

abase,RMS
, (16)
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where

aseat,RMS =

√
1
T

∫ T

0
a2

seat(t) dt, (17)

abase,RMS =

√
1
T

∫ T

0
a2

base(t) dt. (18)

The percentage reduction in SEAT factor relative to the passive suspension was evaluated as

∆SEAT =
SEATpassive − SEATmode

SEATpassive
· 100%, (19)

where SEATmode denotes either the active or regenerative mode. The relative change in
suspension travel was calculated as

∆s =
smode − spassive

spassive
· 100%. (20)

Based on Table 1, the fully active suspension reduced the SEAT factor by approximately
43–57% compared with the passive suspension. The regenerative suspension reduced the
SEAT factor by approximately 17–25% relative to the passive case. At the same time, both
active and regenerative modes generally increased suspension travel in comparison with
the passive suspension. Therefore, the results indicate a clear trade-off: the active mode
provides the strongest vibration attenuation, whereas the regenerative mode provides
moderate vibration attenuation while generating electrical power in the braking branch.

Table 1. Numerical values of the SEAT factor and suspension travel for the passive, active and
regenerative seat suspension at different excitation intensity and various mass load.

Mass Load

Passive Active Regenerative

Excitation SEAT Suspension SEAT Suspension SEAT Suspension
signal factor travel factor travel factor travel

Mass load 40 kg

WN1 1.172 22.5 mm 0.501 35.8 mm 0.886 36.3 mm
WN2 1.178 29.5 mm 0.536 39.1 mm 0.885 33.2 mm
WN3 1.186 34.3 mm 0.609 39.1 mm 0.936 40.1 mm

Mass load 60 kg

WN1 1.123 26.3 mm 0.507 35.9 mm 0.845 36.9 mm
WN2 1.145 34.3 mm 0.551 40.5 mm 0.894 38.5 mm
WN3 1.186 38.4 mm 0.637 40.2 mm 0.953 41.0 mm

Mass load 80 kg

WN1 1.095 30.0 mm 0.501 37.6 mm 0.832 35.5 mm
WN2 1.132 37.1 mm 0.563 40.8 mm 0.927 39.3 mm
WN3 1.179 40.5 mm 0.669 40.7 mm 0.975 41.5 mm

Figure 9 presents the RMS current and electrical power generated in the regenera-
tive braking branch under different excitation signals and mass loads. The RMS current
increases with excitation intensity from WN1 to WN3 and also generally increases with
mass load. The highest RMS current, 2.654 A, occurs for WN3 and the 80 kg load, whereas
the lowest value, 1.02 A, occurs for WN1 and the 40 kg load. The electrical power follows
the same trend. The highest value, 7.692 W, is observed for WN3 and the 80 kg load,
while the lowest value, 2.13 W, is observed for WN1 and the 40 kg load. These results
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confirm that stronger excitation and heavier loads increase the mechanical energy available
for conversion during regenerative braking. In the present prototype, this power was
dissipated in the braking resistor network; therefore, it should be interpreted as recoverable
electrical power rather than net stored energy.

Figure 9. RMS current (a) and electrical power (b) generated in the regenerative braking branch at
different excitation intensities WN1–WN3 and mass loads of 40–80 kg.

7. Discussion
7.1. Trade-Off Between Vibration Attenuation and Recoverable Electrical Power

The results demonstrate that the fully active suspension provides the best vibration
isolation, whereas the regenerative mode provides a compromise between vibration re-
duction and recoverable electrical power. In active mode, the BLDC motor uses external
electrical energy to generate the demanded control force. In regenerative mode, the motor
produces a braking force only when the force direction and relative velocity satisfy the
regenerative condition. Consequently, the regenerative mode has lower control authority
than the active mode, but it reduces the external energy demand by generating electrical
power in the braking branch.

The quantitative values in Table 1 confirm this behaviour. The active mode reduced
the SEAT factor by approximately 43–57% relative to the passive suspension, whereas
the regenerative mode reduced it by approximately 17–25%. However, the active and
regenerative modes often increased suspension travel compared with the passive case.
This means that comfort improvement should be evaluated together with stroke limitation.
In practical applications, the controller parameters should therefore not only be tuned to
minimize vibration transmitted to the occupant, but also to maintain acceptable suspension
travel and maximize the recoverable electrical power.

7.2. Implications for Human Exposure and Ride Comfort

Since the investigated system is intended for seat suspension applications, the trans-
missibility results should also be interpreted from the perspective of human exposure
to horizontal whole-body vibration [27]. The 40–80 kg inertial loads used in this study
represent simplified occupant mass conditions; therefore, the results should be treated
as mechanical indicators of potential ride comfort rather than direct human-subject mea-
surements. The frequency-dependent transmissibility curves show that the suspension
configuration influences the vibration transmitted to the seated body, particularly in the
low-frequency range where ride comfort and body resonance effects are important. In fu-
ture work, the assessment should be extended using ISO 2631-1-based frequency-weighted
acceleration analysis [28] and, if possible, anthropodynamic seat–occupant models. Such
an extension would allow for the vibration isolation and energy recovery performance to
be linked directly with occupant comfort and ergonomics.
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7.3. Limitations of the Present Prototype

The main limitation of the present prototype is that the generated electrical energy was
dissipated in braking resistors and was not stored in an energy storage device. As a result,
the reported electrical power quantifies the recoverable energy potential of the system
rather than the net amount of energy stored or reused. A second limitation is that losses in
the inverter, motor windings and switching devices were not separately identified. Future
work should include a bidirectional DC-link converter, a supercapacitor or battery storage
unit, and direct measurement of both motoring energy consumption and regenerative
energy flow.

8. Conclusions
The experimental results confirm that the fully active suspension provides the high-

est vibration isolation performance, reducing the SEAT factor by approximately 43–57%
compared with the passive suspension. The regenerative mode provides a lower, but still
significant, reduction of the SEAT factor, approximately 17–25% relative to the passive
case, while simultaneously generating measurable electrical power in the braking branch.
The maximum measured electrical power was 7.692 W for the WN3 excitation and the
80 kg load. These results demonstrate that regenerative braking can not only be used for
additional damping, but also for partial recovery of vibration energy in horizontal seat sus-
pension systems. The identification results show that both active and regenerative braking
forces of the BLDC motor can be represented using simple approximation models suitable
for real-time implementation. However, the regenerative mode should be interpreted as
a compromise between vibration attenuation and recoverable electrical power because it
does not provide the same control authority as the fully active mode. The present prototype
did not include an energy storage unit; therefore, the reported power values represent
recoverable power dissipated in the braking resistor network rather than net stored energy.
Future work should include a bidirectional power converter, DC-link energy storage, loss
analysis and ISO 2631-1-based ride comfort assessment.
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The following abbreviations are used in this manuscript:

BLDC Brushless direct current
FOC Field-oriented control
IoT Internet of Things
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MOSFET Metal–oxide–semiconductor field-effect transistor
PMSM Permanent magnet synchronous motor
RMS Root mean square
SEAT Seat effective amplitude transmissibility

Appendix A. Numerical Parameters of the BLDC Motor and Its
Braking Subsystem

Table A1. Model parameters and control gains adopted for the simulation study.

Model Parameters Numerical Values

amplitude of a flux induced by permanent magnets (λ) 0.00733 Vs
first controller setting (k1) 7 Ns/m
second controller setting (k2) 20 N/m
ratio between maximum braking force and maximum
active force (kbrk) 0.2
torque constant of a motor (ke) 0.044 Nm/A
inductance of a motor (Ls) 0.1 · 10−3 H
length of the lever arm (re) 0.045 m
number of pole pairs (p) 3
resistance of a motor (Rs) 0.0675 Ω
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