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Abstract. This study compares three excitation modeling ap-
proaches—deterministic mixed scenarios, Gaussian stochastic models,
and AR(1) stochastic models—to evaluate the energy harvesting potential of a
half-car suspension system equipped with front and rear piezoelectric stack har-
vesters. The half-car suspension is modeled using equivalent electrical circuits
based on the force-voltage analogy. Each excitation model is implemented and
simulated in MATLAB/Simulink to analyze and compare the harvested energy
under varying road profiles. This work highlights the influence of excitation
modeling on the accuracy and realism of energy recovery assessments in
vehicular suspension systems.

1 Introduction

Vibration-based energy harvesting in vehicles has gained increasing attention as a means of
powering low-consumption electronic systems without relying on external energy sources[1].
Piezoelectric harvesters integrated into suspension systems offer a compact and efficient so-
lution for converting mechanical vibrations induced by road irregularities into electrical en-
ergy [2]. However, the accuracy of such energy assessments depends heavily on how the
road excitations are modeled, as they directly influence the dynamic response of the sus-
pension system. Recent studies have explored energy harvesting from vehicle suspensions,
focusing on the impact of road roughness and driving conditions. Zhao et al. [3] developed a
piezoelectric energy harvester using noncontact magnetic force, achieving up to 24.28 W on
random roads and 3346 W on pulse roads. Abdelkareem et al. [4] investigated a double-sided
arm-toothed electromagnetic harvester for semi-trailer trucks, generating 0.33-21.3 W across
various road classes. Benhiba et al. [5] simulated piezoelectric energy harvesting from pas-
sive car suspensions under random excitations, while Hu et al. [6] examined galloping piezo-
electric energy harvesters in low-velocity water flow, considering surface roughness effects.
These studies demonstrate that road roughness significantly influences harvested power, with
higher roughness generally yielding more energy. Additionally, factors such as driving speed,
vehicle load, and harvester design play crucial roles in determining energy output [7].

Many existing studies rely on deterministic excitations—such as idealized bumps, pot-
holes, or profile scenarios—I[3, 8, 9] which provide reproducible inputs for targeted analysis
and experimental validation [10]. Yet, these inputs are limited in their ability to reflect the
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randomness and spectral variability of real road surfaces. To address this, stochastic models,
particularly those based on Gaussian processes, have been widely adopted and standardized
in the literature [11-13]. Xu et al. [12] proposed an amplitude modulation method to synthe-
size non-Gaussian road profiles with controllable kurtosis, demonstrating increased fatigue
damage potential with higher kurtosis. Ma et al. [13] developed a harmonic superposition
method to generate random road excitation signals for different vehicle speeds and road clas-
sifications. Bogsjo et al. [11] introduced three new road profile models, including Laplace and
hybrid Gaussian-Laplace processes, which showed improved accuracy compared to classical
Gaussian models when fitted to measured road surfaces. Zhan-zong [3] presented a time-
domain excitation model for left and right wheel tracks using inverse fast Fourier transform,
considering the coherence between tracks. Non-stationary vehicle vibrations can be decom-
posed into Gaussian elements, revealing that magnitude variations cause the non-Gaussian
nature of the process [14]. ARIMA models have been used to characterize non-stationary
road profiles, with recent developments suggesting the use of random variables for autore-
gressive coeflicients to introduce uncertainty and generate terrain topology distributions [15].
These approaches aim to improve the accuracy of road excitation modeling, which is essential
for vehicle design, fatigue assessment, and structural health monitoring and energy harvest-
ing evaluation. The complexity and variability of road-related vibrations underscore the need
for sophisticated analysis and synthesis methods in the field.

Despite the importance of excitation modeling, few works have systematically compared
the impact of deterministic and stochastic road profiles on the energy harvesting potential of
suspension systems[10, 16]. This study aims to fill this gap by conducting a comparative
simulation study using a half-car model equipped with front and rear piezoelectric stack har-
vesters. The system is modeled using equivalent electrical circuits based on the force-voltage
analogy[5, 17, 18], a technique that enables straightforward integration into simulation plat-
forms such as MATLAB/Simulink. The objective is to quantify how the choice of excitation
model influences the harvested energy and to provide guidelines for selecting road models in
future energy harvesting studies and design processes.

This paper is structured as follows. Section 2 introduces the half-car model with piezo-
electric stack harvesters. Section 3 presents its equivalent electrical circuit. Section 4 de-
scribes the road excitation models: deterministic, ISO 8608 Class H, and AR(1). Section 5
discusses the simulation results and harvested power, and Section 6 concludes the study.

2 Half-Car Model with Piezoelectric Stack Harvesters

The proposed half-car model (HCM) is a four-degree-of-freedom (4-DOF) system that ac-
counts for both vertical translation and pitch rotation of the vehicle body. It comprises a
sprung mass m, and two unsprung masses m, s and m,, representing the front and rear wheels,
respectively. The suspension systems are modeled as spring-damper pairs: (ky, bsy) for the
front and (k,, by, ) for the rear. The tire dynamics are represented by additional spring-damper
pairs: (kufa buf) and (kurv bur)'

To enable vibration-based energy recovery, a piezoelectric stack transducer is integrated
in series with each suspension unit at the front and rear axles. The road excitations z,; and
Z,» are applied independently beneath the front and rear wheels. This configuration allows
the model to capture the coupled dynamics of vertical motion and pitch, while enabling the
assessment of energy harvesting performance at both axles under realistic degraded road
profile.
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Figure 1: Half-car model with front and rear piezoelectric stack harvesters under a degraded urban road
profile.

3 Equivalent Circuit of the HCM

The electrical equivalent circuit of the half-car model is derived using the force—voltage anal-
ogy (see Table 1 ), in which mechanical force corresponds to voltage and velocity to current.
This analogy enables the mapping of masses, dampers, and springs to inductors, resistors,
and inverse capacitors, respectively. The resulting topology has been validated in one of our
recent studies without the energy harvesting integration[18]. In the present work, a simplified
Mason equivalent circuit 2, representing a multilayer piezoelectric stack harvester, is inserted
in parallel with the suspension branch analogous to the spring at both the front and rear sus-
pensions. Figure 2 illustrates the structure of the simplified Mason circuit, which consists
of a mechanical port modeled by a source F, in series with C,, L,, and R, a transformer
with turns ratio N : 1, and an electrical port comprising the clamped capacitance Cy and a
resistive load Rjo,q- The complete electrical equivalent of the half-car system with front and
rear energy harvesters is shown in Figure 3.
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Figure 2: Simplified Mason circuit for multilayer PZT energy harvester.
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Figure 3: Electrical equivalent circuit of half-car suspension system with front and rear piezoelectric
energy harvesters.

Table 1: Electromechanical analogy (force—voltage).

Mechanical Electrical Unit
F Vv N/V
X i m/s /A
m L kg/H
b R N-s/m/Q
k 1/C N/m/ 1/F
X q m/C

4 Road Excitation Modeling for Urban Degraded Road

To investigate the impact of road surface variability on energy harvesting performance, three
types of vertical excitations were considered: a deterministic urban scenario, a stochastic
profile based on ISO 8608 (Class H), and an autoregressive AR(1) signal with equivalent
RMS acceleration.

For all cases, the simulation duration was set to 7 = 125, with a sampling frequency
of f; = 1000Hz. The vehicle velocity was fixed at V = 30km/h, and the wheelbase was
L = 2.88m, resulting in a time delay 7 = L/V = 0.3456s between front and rear wheel
excitations.
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4.1 Deterministic Urban Road Scenario

The first excitation (Figure 4) corresponds to a synthetic yet realistic urban driving sequence.
The front wheel displacement was constructed by concatenating four consecutive road seg-
ments:

e A smooth section from O to 4 s, characterized by low-amplitude undulations representing
regular asphalt.

e A rough section from 4 to 9 s, modeled using a high-frequency stochastic AR(1) process to
realistically capture the correlated irregularities of degraded pavement.

e A localized speed bump between 9 and 10s, represented as a deterministic elevation to
simulate traffic calming devices.

e A pothole segment from 10 to 12 s, modeled as a sudden surface depression.

This composite profile combines deterministic and stochastic components, enabling a
comprehensive evaluation of energy harvesting performance under realistic and variable ur-
ban road conditions. The rear excitation was obtained by applying a time delay 7 to the front
wheel signal.
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Figure 4: Urban road profile scenario used in the half-car energy harvesting simulation. The signal
includes four consecutive segments: Smooth (0—4 s), Rough (4-9s), Speed Bump (9-10s), and Pothole
(10-125).

4.2 1SO 8608 Class H Road Profile

The second excitation (Figure 5) was generated according to ISO 8608 specifications for road
roughness. The vertical displacement is modeled as a spatially stationary Gaussian process,
with the spatial power spectral density (PSD) given by:

Gy(n) = G,(no) (nﬁo)

where Gg4(ng) = 1024 x 10°°m?/cycle corresponds to Class H roughness, ny =
0.1cycle/m is the reference spatial frequency, and w = 2 is the spectral slope. The PSD
was sampled in the frequency domain and converted into the time domain using the inverse
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Fourier transform, scaled by the vehicle velocity. The rear signal was obtained via the same

time delay 7.
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Figure 5: Front and rear road excitations generated from a Gaussian stochastic process using MATLAB.

4.3 AR(1) Profile
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Figure 6: Front and rear road excitations generated from an AR(1) stochastic process using MATLAB.

To capture the effects of temporal correlation, a third excitation was generated using a first-

order autoregressive process:

ke = QZg—1 + P
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with @ = 0.95 and 7 being standard Gaussian white noise. The coefficient 8 was calibrated
to match the RMS amplitude of the ISO-based profile, ensuring equal energy content. Com-
pared to the Gaussian excitation, the AR(1) signal contains longer correlation lengths and
smoother transitions, which can lead to more intense excitation bursts. The rear signal was
again obtained by time-shifting the front profile by 7. This modeling framework enables a
comprehensive comparison of the voltage response under deterministic and stochastic exci-
tations representative of degraded urban road conditions. The corresponding front and rear
wheel displacement signals are illustrated in Figure 6.

5 Results and Discussion

The half-car model equipped with piezoelectric harvesters was subjected to three types of ver-
tical road excitations: a deterministic mixed scenario, and two stochastic signals (Gaussian
and AR(1)-based). The simulations were performed over 12 s, corresponding to a vehicle
speed of 30 km/h. Both front and rear suspensions were equipped with multilayer piezoelec-
tric stacks, placed in parallel with the suspension springs.

5.1 Voltage and Power Recovery
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Figure 7: Recovered voltage from the mixed scenario excitation. Both front and rear piezoelectric
harvesters show similar voltage profiles, with higher peaks during the rough and bump phases.

For the deterministic scenario-based excitation, the results (Figure 7, Figure 8 and Table 2)
show that the majority of the recovered energy originates from the rough phase, with approx-
imately 2.98] at the front and 2.8617 at the rear, accounting for nearly the entire harvested
energy during the simulation. The bump phase yields significantly more energy at the rear
(0.22J) than at the front (0.019J), likely due to the delayed excitation and increased dynamic
amplification at the rear axle resulting from the vehicle’s pitch motion and suspension char-
acteristics. As expected, the smooth phase contributes minimally, given the limited surface
excitation. The pothole phase generates a small amount of energy, slightly higher at the front
than at the rear, likely due to the more abrupt initial impact experienced by the front wheel
and the partial damping of this disturbance before it reaches the rear suspension. The RMS
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values of voltage and power indicate a generally symmetric performance between front and
rear harvesters, with RMS power around 1 W.
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Figure 8: Recovered voltages from piezoelectric harvesters: front and rear excitations.

Table 2: Recovered energy (J) and RMS values for front and rear piezoelectric harvesters

Phase Front Energy (J) Rear Energy (J)
Smooth 0.00041 0.00310
Rough 2.97745 2.85689
Bump 0.01897 0.21909
Pothole 0.01471 0.00620
Total 3.03217 3.11709

Quantity Front Rear

RMS Voltage (V) 23.45 23.36

RMS Power (W) 1.02 1.00

Table 3: Quantitative comparison of harvested power and energy for AR(1) and Gaussian models

Model Wheel Mean Power (W) Max Power (W) Total Energy (J)
AR(1) Front 0.0943 1.4690 1.1379
AR(1) Rear 0.0909 1.5116 1.1118
Gaussian  Front 0.0022 0.0279 0.0259
Gaussian ~ Rear 0.0027 0.0849 0.0325

Figures 9 and 10, along with Table 3, provide a comprehensive comparison of the perfor-
mance of the piezoelectric energy harvesting system mounted on a half-car model subjected
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(a) Gaussian excitation (Class H urban road). (b) AR(1) excitation with equivalent RMS acceleration.

Figure 9: Recovered voltage signals from front and rear harvesters under two different stochastic road
profiles.
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(a) Gaussian excitation (Class H). (b) AR(1) excitation with equivalent RMS acceleration.

Figure 10: Comparison of recovered power for two stochastic road excitations.

to two types of stochastic road excitations: Class H Gaussian excitation, representing a highly
degraded urban road, and an AR(1) excitation with equivalent RMS acceleration. As shown
in Figures 9a and 10a, the Gaussian excitation induces frequent voltage oscillations with
moderate amplitude, resulting in low but continuous power recovery. In contrast, the AR(1)
excitation (Figures 9b and 10b) produces sparser yet higher amplitude voltage and power
peaks, indicating strong but intermittent mechanical excitations. This difference reflects the
temporal correlation in the AR(1) input signal, which leads to more pronounced but less
frequent dynamic responses.

Table 3 quantifies these findings by reporting the mean power, maximum power, and total
harvested energy for each case. Under AR(1) excitation, the mean power reaches approxi-
mately 0.09 W, and the total harvested energy exceeds 1.1J, confirming the superior energy
harvesting capability of this input. Maximum power values also surpass 1.46 W for both front
and rear harvesters.
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In comparison, the Gaussian excitation yields much lower mean power values (less than
3 mW) and a lower total harvested energy (below 0.04 J).

The results highlight the importance of using stochastic excitations, such as AR(1) or
Class H Gaussian profiles, when evaluating piezoelectric energy harvesters under realistic
road conditions. While deterministic inputs are helpful for understanding instantaneous sys-
tem responses, they are not suitable for assessing global performance.

Table 3 clearly shows that the AR(1) excitation yields the highest harvested energy and
mean power, making it a better candidate for optimization and system design aimed at energy
recovery from urban road vibrations.

6 Conclusion

This study highlights the important role of excitation modeling in accurately evaluating
vibration-based energy harvesting systems for vehicles. The results show that the charac-
teristics of road excitation greatly affect the amount of electrical energy harvested, especially
when the suspension’s dynamic response is controlled by resonance effects. Deterministic
scenarios provide a controlled and repeatable way to analyze the system but do not capture
the natural variability of real roads. Gaussian stochastic excitations are commonly used and
standardized but tend to under-excite the system because of their broad frequency content.
On the other hand, AR(1) excitations, when properly set, offer a more realistic approach by
focusing energy around the vehicle’s natural frequencies, which improves energy harvesting
performance.

Based on these findings, a combined approach is recommended: use deterministic ex-
citations for validation and AR(1)-based stochastic signals for more realistic performance
evaluation. Although Gaussian models are useful for standard benchmarks, they should not
be the only method for predictive analysis. In the future, including real road profile data into
half-car simulation models would improve the accuracy and relevance of energy harvesting
predictions under actual driving conditions.
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