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H I G H L I G H T S  

• A railway energy harvesting system is experimentally validated for energy harvesting, conversion and storage. 
• The harvester modeling considers nonlinear mechanical friction for better performance prediction. 
• An energy harvesting circuit is implemented with the integration of the MPPT algorithm and power management module. 
• A vehicle-harvester-circuit system model is developed by considering the intricate interactions involved. 
• An onboard control strategy is proposed to enhance harvester power by up to 60%.  
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A B S T R A C T   

Large-scale vibration energy harvesters (VEHs) have the potential to produce power of tens of watts and offer a 
distributed and flexible power supply for onboard devices in unpowered freight wagons. However, research on 
railway vibration energy harvesting systems (VEHSs) is often limited to individual points and lacks systematic 
exploration and optimization. This paper proposes a systematic modeling approach for VEHS that considers the 
intricate interaction and coupling in the vehicle-harvester-circuit system. Firstly, a model is established for a 
rotary electromagnetic VEH using the equivalent circuit method, with mechanical friction considered and 
identified via the Equilibrium Optimizer (EO) to improve prediction accuracy. The energy harvesting circuit 
(EHC) incorporating a bridge rectifier, a DC/DC converter, and a power management module with a speed-driven 
maximum power point tracking (MPPT) algorithm is designed for efficient energy extraction and storage under 
stochastic vehicle suspension vibrations. In addition, the freight wagon is modeled spatially based on railway 
vehicle-track dynamics, accounting for the nonlinearities of primary and secondary suspensions to obtain more 
accurate vibration response and mechanical interaction with the harvester-circuit module for the coupling of the 
whole system. Finally, a performance-enhanced control strategy is proposed with the dynamic tuning of voltage 
coefficient to maximize onboard harvestable energy based on the developed system model. The results indicate 
that the harvester power can be increased by up to 60%, and the force decreased by up to 11% at various vehicle 
speeds and loads. The prototype of the whole railway VEHS with MPPT closed-loop control is implemented in the 
embedded environment, and its engineering-oriented design will significantly improve the system robustness and 
practicality in onboard environments.   
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1. Introduction 

Railway is one of the major transportation modes worldwide, pro
moting regional, national, and international exchanges and develop
ment [1]. It is favored for its low-pollution, cost-effectiveness and 
reliability in transporting goods and people over long distances. In the 
past decades, high-speed and heavy-load railway freight transportation 
has become an evident tendency to improve transportation efficiency. 
However, higher requirements for vehicle monitoring and braking per
formance are triggered to ensure safe and reliable operations [2]. 
Standard freight wagons are not equipped with electrical lines, leading 
to a lack of continuous and economical power supplies for novel braking 
devices and onboard monitoring. Traditional battery-powered solutions 
are inconvenient due to the need for regular charging and replacement. 
Hence, seeking a flexible and sustainable power supply scheme is the 
key to unlocking more smart devices in freight wagons and promoting 
their intelligent transformation [3]. 

Energy harvesting is an emerging technology that converts ambient 
solar [4], wind [5,6], vibration [7,8], thermal [9] and magnetic field 
energy [10] into electricity for self-powered applications. This tech
nology has achieved great successes in numerous fields such as ocean 
engineering [11,12], aerospace engineering [13], biomedical engi
neering [14], and road engineering [15]. The rapid railway develop
ment triggers a growing demand for energy harvesting technology to 
reduce manual maintenance in inconvenient power supply scenarios or 
remote railways. Fortunately, railway systems are abundant of various 
renewable energy sources, providing favorable condition for energy 
harvesting. Solar and wind energy are typically given priority for rail
way self-powered applications. Tairab et al. [16] proposed a solar-wind 
hybrid energy harvester installed along the railway with a rotation 
mechanism to follow the solar radiation better. Pan et al. [17] developed 
a wind barrier consisting of coaxial contrarotating wind turbines for 
train crosswind harvesting. Rahman et al. [18] designed a miniaturized 
windmill nanogenerator enhancing its practicability in subway tunnels 
by hybridizing electromagnetic, triboelectric, as well as piezoelectric 
mechanisms. Yang et al. [19] utilized the temperature difference be
tween the rail and the soil and manufactured an innovative railway 
fastener using thermoelectric materials to heat rail pads to alleviate their 
performance degradation in extremely freezing weather. Kuang et al. 
[20] noticed magnetic field energy generated by the alternating current 
flow through electrified rails, and harvested it based on the electro
magnetic induction principle. 

Stochastic vibrations widely exist in railway vehicles, rails, and 
nearby infrastructures. Energy harvesting from railway vibrations is a 
promising self-powered approach with the advantages of simple design, 
low cost, and small size [21,22]. It is an interdisciplinary field encom
passing mechanics, electronics, control, and vehicle dynamics. The 
design of vibration energy harvesters (VEHs) mainly focuses on the 
development of piezoelectric [23,24], electromagnetic [25,26], tribo
electric [27,28] mechanisms, and their hybridizations [29,30]. Railway- 
specific VEHs usually adopt the first two schemes. Shan et al. [31] 
conceived a frequency up-conversion method for a stack piezoelectric 
energy harvester (PEH) to ensure that resonant response can be excited 
under low-frequency rail excitation. Wang et al. [32] developed a 
compact axlebox-mounted PEH to harness bogie lateral vibrations. It 
achieved a low-frequency bandwidth of 1–11 Hz by leveraging a hybrid 
nonlinear mechanism and effectively powered wireless sensor nodes. 
Yang et al. [33] optimized the resonant frequencies of single-mass 
piezoelectric cantilevers to accord with the first two rail vibration 
dominant frequencies, thus enhancing high-frequency energy harvest
ing performance. Wang et al. [34] fabricated a multifunctional elec
tromagnetic VEH with the configuration of a rolling magnet to expand 
bandwidth for rail corrugation sensing. Kim et al. [35] proposed a 
resonant electromagnetic VEH by the interaction between magnets, and 
enabled it to power the wireless nodes on high-speed trains with 
parameter optimization. Gong et al. [36] integrated an interesting 

electromagnetic VEH with a cylindrical Halbach array into an axlebox 
bearing, which can generate a 4.3 W output at 1200 r/min speed. 

The feasibility in powering wireless sensor nodes using small-scale 
VEHs has been fully proven. However, railway devices such as railway 
signal lights, switches, control units of electronically controlled pneu
matic (ECP) braking systems, and train-tail devices usually require 
higher power supplies, far more than milliwatts. As a result, large-scale 
VEHs are demanded in these applications. Researchers usually exploit 
mechanical transmission to convert, rectify and amplify the vibration, 
which is then used to drive a rotary generator at high speeds to produce 
significant power outputs of up to tens of watts. For rail-side applica
tions, Zhang et al. [37] conceived a large-scale VEH with a mechanical 
motion rectifier (MMR) driven by a rack-pinion pair to harness bidi
rectional small track vibrations, achieving a maximum efficiency of 60% 
in lab tests. Pan et al. [38] developed a smart railroad tie with half-wave 
VEH for unidirectional vibration energy harvesting, and the novel 
structure was validated with a maximum mechanical efficiency of about 
80%. Lin et al. [39] designed a bevel-gear-based MMR for a large-scale 
VEH, and conducted field tests with a 6.9 W average power obtained 
during a train passing by at 64 km/h. Zhang et al. [40] realized the 
function of mechanical motion rectification with twin pairs of scissor 
linkage and slider mechanisms. Their designed harvester exhibited a 
considerable efficiency of 73.38% in lab tests. There are also some large- 
scale VEHs for onboard devices. Pan et al. [41] developed a large-scale 
rack-pinion-based VEH to harvest vibration energy from freight car 
suspension, which realized a field-test performance of 1.3 W at 30 km/h 
train speed. Li et al. [42] conceived an MMR with twin slider-crank 
mechanisms and obtained a peak/average efficiency of 56%/43% in 
bench tests. Fan et al. [43] proposed H-shaped harvesters for harnessing 
the kinetic energy from the relative displacement of couplers and fast 
storing it in supercapacitors. The generated power is sufficient to light 
up 80 LEDs and 10 types of sensors, enabling real-time vehicle safety 
monitoring. 

Various novel mechanical structures offer numerous possibilities for 
designing large-scale railway VEHs. However, the mechanical friction in 
VEHs poses limitations on their performance. When assessing the 
measured mechanical efficiencies of large-scale railway VEHs, it is found 
that the mechanical friction, which often amounts to one-third to two- 
thirds of energy loss [40,42,43], cannot be ignored and significantly 
affects the potential performance of harvesters. Thereby, further theo
retical research is required to improve model prediction accuracy and 
optimize the efficiency of VEHs. 

Energy harvesting circuit (EHC) is another crucial technology that 
promotes VEHs towards practical applications. Piezoelectric harvesters 
with large internal resistance cannot be efficiently used or stored using 
conventional electronics. To address this issue, EHCs such as synchro
nous charge extraction (SCE) [44], parallel synchronized switch har
vesting on inductor (P–SSHI) [45], series synchronized switch 
harvesting on inductor (S–SSHI) [46], and synchronized switch har
vesting on capacitors (SSHC) [47] have been developed to boost the 
power outputs from PEHs. Correspondingly, the research on energy 
extraction circuits extends to electromagnetic and triboelectric VEHs 
[48,49]. However, their feasibility is only validated under regular vi
brations, and their actual performance under stochastic railway vibra
tion needs further exploration. Consequently, Balato et al. [50] proposed 
an EHC for a small-scale electromagnetic VEH with the development of 
maximum power point tracking (MPPT) technology adjusting circuit 
voltages according to the vehicle vibration characteristics at different 
running speeds. Costanzo et al. [51] combined the Perturb & Observe 
and the fractional open-circuit voltage technologies to improve the 
adaptability of the MPPT algorithm for suspension harvesters. More
over, they proposed another scheme based on an active AC/DC con
verter where the duty cycle is related to the generator speed, and it will 
be a promising solution when combined with low-power management 
techniques [52]. Jung et al. [53] developed an EHC with a multi- 
functional single-stage power converter to deal with the issues of 
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impedance matching and power management, which achieved a con
version efficiency of 86 % with a 2 mm amplitude and 2 Hz frequency 
excitation. However, these designs ignored the interaction between 
harvesters and railway vehicles. 

From the perspective of vehicle dynamics with harvesters, Yuan et al. 
[54] simplified the PEH installed between the ballast and sleeper as a 
spring in the dynamic model. Gao et al. [55] considered the mass and 
inertia moment effects of the rail-borne electromagnetic VEH in the rail 
system, and found that the dominant frequency of track vibration shifts 
about 54 Hz. Pan et al. [56] established the mass-spring-damper model 
of large-scale rack-pinion-based VEH and coupled it with the track 
system. The results showed no obvious dynamic impact on the track 
with the harvester equipped, mainly because the harvester’s damping is 
far less than that of railway tracks. 

Large-scale onboard VEHs are capable of producing significant and 
continuous power output compared to other harvesting technologies. 
However, due to their damping characteristics, which can be of the same 
order as the vehicle shock absorber, the railway vibration energy har
vesting system (VEHS) becomes a mutually coupled system comprising 
the vehicle, harvester, and circuit. Most of the existing research sepa
rately focused on specific aspects of this system, while a systematic 
exploration and optimization are lacking, leading to gaps and challenges 
towards practical engineering applications. These include: (1) inade
quate attention to the mechanical friction in large-scale VEHs, which 
restricts performance improvement, and is often ignored in modeling 
work due to its strong nonlinearity, resulting in the inaccurate predic
tion of the harvester efficiency and force; (2) a lack of systematic 
modeling of vehicle-harvester-circuit to reveal internal coupling and 
energy transfer laws; and (3) insufficient study of the control strategy of 
large-scale VEHs to integrate closely with actual onboard environments. 

In this paper, we present a comprehensive approach to modeling a 
large-scale VEHS by considering practical factors and intricate vehicle- 
harvester-circuit coupling. We then explore the harvester control strat
egy for maximizing the harvestable energy in onboard environments. 
Additionally, the prototype of the whole railway VEHS with large-scale 
VEH and EHC under MPPT closed-loop control is manufactured ac
cording to structural constraints and power supply demand of freight 
wagons for the validation of our work. It is worth mentioning that the 

EHC developed based on a synchronous 4-Switch DC/DC control chip 
integrates functions of MPPT, voltage conversion, and battery charge 
management, which could be a mature and generic scheme for energy 
extraction from large-scale VEHs. The research process is illustrated in 
Fig. 1. The novel contributions of this study are: (1) implementation and 
experimental validation of a full-scale railway VEHS to realize a com
plete process of energy harvesting, conversion and storage; (2) devel
opment of a large-scale VEH model with nonlinear mechanical friction 
considered using equivalent circuit method, along with a parameter 
identification approach based on the Equilibrium Optimizer (EO), to 
enhance the prediction accuracy of harvester force and voltage; (3) 
integration of an EHC with the speed-driven MPPT algorithm and power 
management module to efficiently utilize and manage irregular energy 
flow from large-scale VEHs under stochastic vehicle vibrations; (4) 
creation of a systematic vehicle-harvest-circuit model that considers the 
nonlinearities in primary and secondary suspensions of freight wagon 
and mechanical interaction with the harvester-circuit module; and (5) 
proposal of an onboard control strategy with the dynamic tuning of 
voltage coefficient based on the system model to improve harvester 
power output by up to 60% while reducing harvester force by up to 11%. 

The contents of the rest of this paper are organized as follows. Sec
tion 2 introduces the harvester circuit model with mechanical friction 
considered and identified. Section 3 describes the EHC and the speed- 
driven MPPT algorithm. Section 4 presents the prototypes of large- 
scale VEH and EHC, and conducts experiments for system validation. 
Section 5 establishes the vehicle-harvester-circuit model and explores 
the onboard control strategy. Finally, concluding remarks are summa
rized in Section 6. 

2. Harvester and its modeling 

The large-scale harvester in the vehicle-harvester-circuit system is a 
crucial component, and it interacts mechanically with the vehicle sus
pension and electrically with the energy harvesting circuit. The accuracy 
of the harvester model will directly affect the solution of vehicle sus
pension vibration and electrical signals in the energy harvesting circuit 
under coupling relationships. Mechanical friction usually accounts for 
one-third to two-thirds of energy loss in large-scale harvesters 

Fig. 1. Vehicle-harvester-circuit system modeling and performance-enhanced onboard control strategy.  
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[40,42,43], which has become one of the most important factors 
restricting efficiency improvement, but it is rarely discussed in the 
harvester modeling due to its strong nonlinearity. Considering me
chanical friction in modeling is essential to improve the prediction ac
curacy of mechanical and electrical behaviors. In this section, with the 
introduction of harvester, the works mainly focus on two aspects: (1) 
development of the equivalent circuit model of a large-scale railway 
energy harvester with the consideration of nonlinear mechanical friction 
including the Coulomb friction (CF) and viscous damping (VD) in all 
mechanical transmissions and the electromagnetic generator; (2) pro
posal of an identification approach for nonlinear friction parameters 
with the combination of the equivalent circuit model, test results and 
intelligent optimization algorithm. 

2.1. Rotary electromagnetic vibration energy harvester 

In the railway VEHS, a rotary electromagnetic VEH is the main de
vice for harnessing the vibration energy of wagon suspension, as 
depicted in Fig. 2. The VEH is mounted between the bolster and side 
frame of railway freight wagons through connecting rings at both ends. 
It converts a portion of the secondary suspension vertical vibrations of 
freight wagons, which would be dissipated as heat by wedges, into 
electricity to power onboard devices. The harvester is a typical elec
tromechanical coupling system, mainly composed of a ball screw, a 
mechanical motion rectifier (MMR) gearbox, a planetary gearbox, and a 
permanent magnet synchronous generator. The ball screw, as a reliable 
vibration-to-rotation mechanism, converts the upward and downward 
suspension vibration into bidirectional rotation. The MMR gearbox has 
been proven to enhance the efficiency of stochastic vibration harvesting 
[39,57], and consists of upper and lower bevel gears integrating two 
one-way clutches with opposite installations, and a right bevel gear that 
transmits the motion to the generator. It is the core component to rectify 
the bidirectional rotation of the lead screw into unidirectional rotation. 
The planetary gearbox amplifies the output unidirectional rotation ve
locity of the MMR gearbox to ensure the high-speed and high-efficiency 

working state of the generator. Fig. 2(b) and (c) illustrate the detailed 
working principle of the rotary electromagnetic VEH. When the sec
ondary suspension vibrates downward, the vibration is imposed on the 
top connecting ring, driving the movable cylinder downward. The guide 
rail fixed inside the stationary cylinder ensures that vertical motion does 
not deviate. Meanwhile, the nut below the movable cylinder drives the 
screw to rotate counterclockwise (top view), and the spindle maintains 
the same rotation with the screw by a key connection. The lower bevel 
gear engages with the one-way clutch and plays the power one to drive 
the right bevel gear and the electromagnetic generator to rotate clock
wise (left view). The upper bevel gear separates from the one-way clutch 
and is driven by the right bevel gear. Conversely, assuming that the 
movable cylinder moves upward, the screw rotates clockwise (top view), 
and the upper one-way clutch engages with the bevel gear, so that the 
lower and right bevel gears become follower gears, but their rotation 
direction is unchanged. Therefore, regardless of the vibration direction, 
the clockwise rotation of generator is unchanged (left view), avoiding 
frequent commutation and realizing the bidirectional vibration energy 
harvesting, thereby improving the system efficiency. 

2.2. Equivalent circuit modeling considering mechanical friction 

For a simpler construction of complex nonlinear relationships in the 
harvester and better conjunction with circuit and control modules, the 
equivalent circuit modeling method [58] is exploited to develop the 
harvester model and reveal the internal mechanical friction. The three 
main modules, including the nut-screw pair, MMR gearbox, and plane
tary gearbox and their corresponding equivalents in the electrical 
domain, are shown in Fig. 3. There are some basic principles between 
the mechanical–electrical analogies: force/torque corresponds to cur
rent signals; velocity/rotation velocity is equivalent to voltage signals; 
damping values correspond to reciprocals of resistance values; stiffness 
values are equal to reciprocals of inductance values; and mass/inertia 
corresponds to capacitors. 

The nut-screw mechanism realizes the vibration-to-rotation function 

Fig. 2. Rotary electromagnetic VEH based on nut-screw and mechanical motion rectifier.  
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with a transmission ratio of αbs, which equals a voltage transformer in 
the electrical domain. Herein, the CF in the rotary side is considered as a 
constant torque δ1 and related to screw lead velocity, corresponding to a 
current source with the value of Sgn(Vsl) iδ1. The VD of nut and lead 
screw bn and bsl are considered and presented as the resistances of Rn 
and Rsl in the electrical domain. 

The MMR in the mechanical domain plays a similar role to the 
rectifier in the electrical domain; thereby, it is modeled as two diodes to 
convert alternating-current (AC) signals to direct-current (DC) signals. 
One-way clutches are the main power transmission elements in MMR, 
which inevitably results in friction loss. They are expressed as resistance- 
inductance parallel models with the consideration of equivalent 
torsional damping and stiffness. In addition, the equivalent CF and VD 
are also given consideration in the MMR module. 

Similarly, the planetary gearbox module is modeled as a voltage 
transformer with a transmission ratio of αgs, where the mechanical 
friction of gear transmission is considered in the form of CF and VD. The 
correspondences of harvester parameters in mechanical and electrical 
domains are listed in Table 1. 

The mechanical equation of a three-phase permanent magnet syn
chronous generator can be expressed as 
⎧
⎨

⎩

Tge = Te + bgeωge + Jgeω̇ge
ige = ie + Vge/Rge + CgeV̇ge

(1)  

where Te and ie are the electrical torque of the generator; bge and 1/Rge 
represent the mechanical friction coefficient of the generator; and Jge 

and Cge are the generator inertia in the mechanical and electrical do
mains, respectively. 

The electrical torque of the generator can be represented as 

Te = Kt

[

iasinθ + ibsin
(

θ −
2
3

π
)

+ icsin
(

θ +
2
3

π
)]

(2) 

The relationship of the generator electromotive force with the rota
tion velocity and external load can be expressed as 
⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

Ea = Keωgesinθ = Li
dia

dt
+ (Ri + Re)ia

Eb = Keωgesin
(

θ −
2
3

π
)

= Li
dib

dt
+ (Ri + Re)ib

Ec = Keωgesin
(

θ +
2
3

π
)

= Li
dic

dt
+ (Ri + Re)ic

(3)  

where Ea, Eb, Ec are the electromotive force of the generator; Kt and Ke 
correspond to the torque and voltage constants, respectively; θ=

∫
pωge is 

the electrical angle with p being the number of polar pairs; Li represents 
the internal inductance of the generator; Ri and Re are the internal and 
external resistances, respectively; and ia, ib, ic represent phase current. 

A complete equivalent circuit model of rotary electromagnetic VEH 
is illustrated in Fig. 4, where in addition to the above three main mod
ules, the mechanical friction loss of the guide rail is also considered with 
CF and VD. In such a model, the most important issue is that too many 
unknown friction parameters are difficult to measure and determine. 
Hence, with the order reduction and simplification, the model can be 

Fig. 3. Equivalent circuit modeling of mechanical modules in the harvester.  
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shown in Fig. 5. Because of the planetary gearbox with a large trans
mission ratio, the generator rotates at a high velocity, and the contri
bution of the generator inertia Jge to the harvester inertial force is far 
greater than other parts, thereby the capacitors in the circuit, except for 
Cgs, are omitted. The mechanical motions before the MMR gearbox are 
bidirectional, which are viewed as the AC part of the circuit, while the 
unidirectional motions in the MMR gearbox and its backend are regar
ded as the DC part. The VD and CF are represented by one equivalent 
parameter in the AC and DC parts, respectively. 

The equivalent VD and CF in the AC part are defined as Rac and iδac in 
the simplified circuit model, which can be expressed as 

1/Rac = 1/Rgr + 1/Rn + 1/α2
bsRsl (4)  

iδac = iδ0/αbs + iδ1 (5) 

Correspondingly, the equivalent VD and CF in the DC part are 
defined as Rdc and iδdc, which can be represented as 

1/Rdc = (1/Rbg1 + 1/Rbg2)+ (1/Rbg3 + 1/Rgss + 1/Rgs)/α2
bg + 1/α2

bgα2
gsRge

(6)  

iδdc = iδ2 +αbgiδ3 (7) 

Hence, in the simplified circuit model, the physical quantities rela
tive to the mechanical friction should be determined, including the 
equivalent VD Rac and CF iδac in the AC part, the equivalent VD Rdc and 
CF iδdc in the DC part, and the equivalent torsional damping Roc and 
stiffness Loc of two one-way clutches. 

2.3. Mechanical friction parameter identification 

In this section, the identification method with an intelligent opti
mization algorithm is proposed for the mechanical friction parameters in 
the harvester model. The optimization algorithm exploits Equilibrium 
Optimizer (EO), which is a novel meta-heuristic optimizer based on the 
volume-mass balance model. It was developed by Faramarzi et al. [59] 
in recent years, with the advantages of strong search ability and fast 
convergence. The identification process is illustrated in Fig. 6. 

Firstly, the optimization vector is constructed as C→i = (iδac, iδdc,Rac,

Rdc, Roc, Loc) with all unknown mechanical friction parameters 
included, followed by the setting of algorithm parameters and the 
random generation for particles and populations in EO. Then, the 
randomly generated friction parameters are injected into the equivalent 
circuit model. On the other hand, the experimental data, including vi
bration excitation, harvester force, and harvester voltage are acquired 
and recorded through the energy harvesting test bench (a detailed 
introduction of the test bench will be presented in Section 4.2). Under 
the same vibration excitation, the simulation results are calculated 
based on the model and compared to the test data. The relative errors are 
evaluated according to: 

F(C→i) = e =
1
N

[

β1

⃒
⃒
⃒
⃒
rms(Fsim − Fexp)

rms(Fexp)

⃒
⃒
⃒
⃒+ β2

⃒
⃒
⃒
⃒
rms(Vsim) − rms(Vexp)

rms(Vexp)

⃒
⃒
⃒
⃒

]

(8)  

where N is the number of cases involved in the identification, Fsim and 
Fexp represent the simulation and experimental harvester force under the 
same vibration excitation; Vsim and Vexp represent the simulation and 
experimental harvester voltage; β1 and β2 are the proportional factors, 
determining the importance of force and voltage accuracy to the overall 
evaluation. 

This expression comprehensively evaluates the model accuracy 
based on errors in force and voltage and plays as the fitness function of 
EO. The accuracy evaluation through multiple cases can reduce the 
inaccurate evaluation caused by accidental test errors. The force accu
racy evaluation based on the RMS errors between simulation and 
experimental data considers the hysteresis of force caused by mechan
ical friction. The voltage accuracy evaluation based on the error of the 
RMS value between simulation and experimental data is because the 
output phase voltage of the AC generator contains many high-frequency 
components. 

The next step is to update mechanical friction parameters based on 
EO. The detailed logic of EO can be referred to [59]. By repetitive 
iteration, the error between simulation and experimental data is 
reduced. When the relative errors are small enough, the parameters are 
considered to fit the actual situation. Finally, the optimal mechanical 
friction parameters and fitness are recorded. 

2.4. Identification results 

The bound of constructed vectors C→max and C→min are set to (20, 20, 
300, 300, 300, 0.1) and (0, 0, 0, 0, 0, 0), respectively. The particle size is 
30, and the maximum iteration number is 200. The mechanical friction 
parameters and fitness during iterations are illustrated in Fig. 7. After 

Table 1 
Analogies between the elements in the mechanical and electrical domains.  

Module Mechanical 
domain 

Electrical 
domain 

Description 

Nut-screw Fn, Tsl in, isl Force/torque of nut and lead 
screw 

ẋn, ωsl Vn, Vsl Velocity/rotation velocity of 
nut and lead screw 

δ1 iδ1 Coulomb friction of lead 
screw 

bn, bsl 1/Rn, 1/Rsl Viscous damping of nut and 
lead screw 

mn, Jsl Cn, Csl Mass/rotational inertia of 
nut and lead screw 

αbs αbs Transmission ratio of nut- 
screw mechanism 

MMR gearbox 
(one-way 
clutches 
integrated) 

Tbg1, Tbg2, 
Tbg3, Tbgs 

ibg1, ibg2, ibg3, 
ibgs 

Torque of upper bevel gear, 
lower bevel gear, right bevel 
gear and input shaft of 
planetary gearbox 

ωbg1, ωbg2, 
ωbg3, ωbgs 

Vbg1, Vbg2, 
Vbg3, Vbgs 

Rotation velocity of upper 
bevel gear, lower bevel gear, 
right bevel gear and input 
shaft of planetary gearbox 

δ2 iδ2 Coulomb friction of 
mechanical motion rectifier 
gearbox 

bbg1, bbg2, 
bbg3 

1/Rbg1, 1/ 
Rbg2, 1/Rbg3 

Viscous damping of upper 
bevel gear, lower bevel gear 
and right bevel gear 

Jbg1, Jbg2, 
Jbg3 

Cbg1, Cbg2, 
Cbg3 

Rotational inertia of upper 
bevel gear, lower bevel gear 
and right bevel gear 

αbg1, αbg2 αbg1, αbg2 Transmission ratio between 
bevel gear 1 and bevel gear 
3, and between bevel gear 2 
and bevel gear 3 

boc1, boc2 1/Roc1, 1/ 
Roc2 

Equivalent torsional 
damping of upper one-way 
clutch and lower one-way 
clutch 

koc1, koc2 1/Loc1, 1/ 
Loc2 

Equivalent torsional stiffness 
of upper one-way clutch and 
lower one-way clutch 

Planetary 
gearbox 

ωge Vge Rotation velocity of 
generator shaft 

Tge ige Torque of generator shaft 
δ3 iδ3 Coulomb friction of 

planetary gearbox 
bgs 1/Rgs Viscous damping of 

planetary gearbox 
Jgs Cgs Equivalent rotational inertia 

of planetary gearbox 
ags αgs Transmission ratio of 

planetary gearbox  

L. Dong et al.                                                                                                                                                                                                                                    



Applied Energy 347 (2023) 121388

7

200 iterations, the final value of the fitness function is 0.06, and the 
corresponding optimal parameter vector is (0.95, 8.92e-4, 4.64, 47.17, 
178.65, 0.053). 

The simulation results of the parameter-identified circuit model are 
compared to the experimental data in other conditions as shown in 
Fig. 8. Fig. 8(a) and (c) illustrate the harvester force and phase voltage 
under the regular triangular vibration with 0.65 Hz frequency and 6 mm 
amplitude at 8 Ω external resistance. Fig. 8(b) and (d) present those 

under the regular triangular vibration with 0.95 Hz/4 mm excitation at 
16 Ω external resistance. The simulated and experimental forces show a 
good consistency and no obvious hysteresis, which indicates the pro
posed model can well compensate for the hysteresis caused by the me
chanical friction. However, the displacement sensor is easily impacted 
when the vibration direction changes, resulting in a certain experi
mental measurement error. This error component in measured 
displacement always causes the simulation forces to be slightly larger 

Fig. 4. Equivalent circuit model of the rotary electromagnetic VEH.  

Fig. 5. Simplified circuit model of the rotary electromagnetic VEH.  
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Fig. 6. Mechanical friction parameter identification based on EO.  

Fig. 7. Parameter identification results: (a) equivalent Coulomb friction values in the AC and DC parts; (b) equivalent viscous damping values in the AC and DC parts, 
and the equivalent torsional damping value of the one-way clutch; (c) equivalent torsional stiffness value of the one-way clutch; (b) value of the fitness function. 
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than the experimental values when the force direction changes. In 
addition, the simulated and experimental voltages exhibit high confor
mity in both the trend and peak values, which can validate the circuit 
model accuracy. The specific errors of the two cases are listed in Table 2. 

3. Energy harvesting circuit 

3.1. Circuit design 

Large-scale VEHs generate an irregular three-phase AC voltage under 
stochastic suspension vibrations. Thereby, an EHC, as shown in Fig. 9, is 
designed to deal with it for efficient energy extraction and storage. The 
bridge rectifier, with the advantages of low loss and simple structure, is 
exploited to convert the irregular three-phase AC voltage into irregular 
DC voltage. With the generator internal impedance affecting actual 
output voltage, a boost converter is configured with the interface for the 
MPPT algorithm implemented to solve the impedance matching issue. 
Then, the subsequent buck/boost converter regulates the irregular DC 
voltage into a stable one for charging batteries or supercapacitors, thus 

realizing the harvested energy storage. 

3.2. Speed-driven MPPT algorithm 

In VEHSs, the MPPT algorithm is commonly used to regulate circuit 
load and ensure systems have optimal power outputs. Because VEHSs 
are applied to a stochastic and time-varying vibration environment, the 
general MPPT algorithms are difficult for quick and accurate tracking. 
To achieve timely tracking under vehicle suspension vibrations, the 
concept of the speed-driven MPPT algorithm was proposed in [51,52]. 
Based on the basic theory in them, herein the optimal voltage of the 
system is analyzed in an ideal condition. 

Assuming the existence of MPPT optimal voltage, the EHC is 
simplified, as shown in Fig. 10. In a constant vibration velocity input, the 
rotation velocity and electrical angle can be expressed as 

ωge =
2π
l

αẋ (9)  

θ = pωget (10) 

where l represents the screw lead, and α is the total amplified ratio 
with mechanical transmission. 

Only two diodes are on at any time in the circuit, taking phase a and 
phase b as an example for analysis. The line voltage between two phases 
can be expressed as 

Eab(θ) = Ea − Eb =
̅̅̅
3

√
keωgesin

(
θ −

π
6

)
(11) 

Ignoring the voltage drop through diodes and the internal inductance 

Fig. 8. Comparison between the simulation results predicted by the parameter-identified circuit model and the experimental results: (a) the harvester force in the 
case of 0.65 Hz/6 mm/8 Ω and (b) 0.95 Hz/4 mm/16 Ω; (c) the harvester phase voltage in the case of 0.65 Hz/6 mm/8 Ω and (d) 0.95 Hz/4 mm/16 Ω. 

Table 2 
Errors between simulation results based on the parameter-identified circuit 
model and experimental results.   

Case 1 Case 2 

Vibration excitation/ external load 0.65 Hz/6 mm/8 Ω 0.95 Hz/4 mm/16 Ω 
Error in force 10.19% 10.87% 
Error in voltage 2.55% 0.23% 
Comprehensive error evaluation 6.47% 5.55%  
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of the rotary generator, the following relationship exists 

Vdc

Eab
=

Rdc

Rdc + 2Rge
(12) 

The obtained DC power related to θ can be expressed as 

Pdc(θ) =
V2

dc

Rdc
=

Vdc(Eab(θ) − Vdc )

2Rge
(13) 

When the electrical angle is between [2π/3,π], phases a and b conduct 
current. The average power generated can be derived as 

Pdc =
3

̅̅̅
3

√
keωgeVdc

2πRge
−

V2
dc

2Rge
(14) 

Differentiating the power expression with respect to Vdc 

∂Pdc

∂Vdc
=

3
̅̅̅
3

√
keωge

2πRge
−

Vdc

Rge
(15) 

The optimal voltage Vdc_MPP can be obtained and expressed as 

Vdc MPP =
3

̅̅̅
3

√

2π keωge =
3

̅̅̅
3

√

l
nakeẋ (16) 

Equation (16) indicates that the optimal voltage Vdc_MPP is related to 
ẋ or ωge. Through the layout of the velocity sensor, the speed-driven 
MPPT algorithm can be realized to maximize extracted energy from 
the harvester. Because the rotary generator in the proposed harvester is 
integrated with a Hall sensor, the speed-driven MPPT algorithm is 
designed with the measurement of the generator rotation velocity. 

The speed-driven MPPT algorithm is based on a voltage closed-loop 
control, as shown in Fig. 9. Firstly, the measurement of the generator 
rotation velocity is executed by the built-in Hall sensor, and the sensor 

voltage signal is converted to the actual velocity value. The reference 
voltage is calculated according to 
⎧
⎪⎨

⎪⎩

Vref =
̅̅̅
3

√
KvKeωge

Kv =
3

2π = 0.4775
(17)  

where Kv is the voltage coefficient, and its optimal analytical value is 
0.4775. 

Then, the error between Vref and the measured voltage Vdc is input to 
the PI controller for generating the duty cycle signal. The duty cycle 
signal is transformed to the control signal for switches with the pulse 
width modulation (PWM), thus enabling the measured voltage Vdc is 
approaching MPPT voltage, and the system finally produces the optimal 
power output. 

The speed-driven MPPT algorithm can achieve an effective 
maximum power point tracking under stochastic and time-varying vi
brations, because the rotary velocity of generator can timely reflect the 
changes in vibration excitation and the generator working state. The 
algorithm only needs to calculate the optimal reference voltage for the 
next moment based on the rotary velocity. Different from the reference 
[51] using Perturb & Observe to enhance the algorithm adaptability for 
potential long-time changes of parameters, this paper proposes a novel 
optimization guideline for the MPPT algorithm with the consideration of 
the force interaction between the harvester and vehicle suspension. 
Large-scale VEHs usually have large equivalent damping, which gener
ates a shock absorption effect on the secondary suspension. Thereby, the 
interaction between the harvester and vehicle suspension is non- 
negligible. The regulation of voltage coefficient Kv changes the equiva
lent impedance of circuit, as well as the mechanical property of 
harvester, thus leading to an impact on coupling effects between the 
harvester and vehicle suspension. With the validation of energy har
vesting system model, the exploration of optimal Kv with intricate 
vehicle-harvester-circuit coupling relationships will be presented in 
Section 5. 

4. Experimental validation 

4.1. Modeling of energy harvesting system 

The VEHS model, as shown in Fig. 11, consists of the harvester 
module, circuit module, and control unit. The harvester model based on 

Fig. 9. Configuration of energy harvesting circuit with the speed-driven MPPT algorithm.  

Fig. 10. Simplified energy harvesting circuit.  
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the equivalent circuit method can directly integrate with the circuit 
module and control unit without any additional interface. In this model, 
the internal induction of the generator, the dynamic impedance of di
odes in the bridge rectifier, and the open voltage of DC/DC converter are 
considered. The dynamic impedance of diodes, as shown in Fig. 11(a), is 
obtained by their forward voltage-current curves and expressed as 

Rdi = a(Idc)
− b

+ c (18)  

where Idc is the forward current of diodes; a, b and c are the parameters 
for fitting the dynamic impedance curve. 

The diode at a low current flow exhibits a large impedance, and 
considering the dynamic impedance can better simulate the system 
performance under small vibration excitations. The open voltage of DC/ 
DC converter with a similar effect should also be taken into consider
ation. The VEHS model with those actual factors and effects considered 
will have a higher prediction accuracy in mechanical and electrical 
properties. 

4.2. Hardware implementation and experimental setup 

The full-scale VEH prototype and EHC are manufactured to validate 
the VEHS and reveal the interaction between the harvester and circuit. 
The experimental tests are performed on a horizontal test bench, as 
shown in Fig. 12. The full-scale harvester prototype is carefully designed 
and manufactured with full consideration of the constraints and de
mands of railway onboard applications: (1) The prototype presents an L- 
shaped structure to save vertical space. Its maximum height of 370 mm 
strictly adheres to the distance from the upper plane of the bolster to the 
secondary spring seat in the K6 bogie under the unloaded condition, and 
its length and width are 165 and 76 mm, respectively. (2) The screw-nut 
mechanism enables a maximum adjustable height of 83 mm, which can 
adapt to the relative height variation of the secondary suspension under 
the wagon unloaded and loaded conditions. (3) The screw-nut mecha
nism has a smaller backlash, and can easily achieve a large transmission 

ratio for efficient harvesting of small displacement suspension vibra
tions. The guide rails reduce the deviation of nut motion in the vertical 
direction. 

The hardware of the EHC with the speed-driven MPPT algorithm is 
realized for effective energy conversion and storage in actual engi
neering applications. It includes a bridge rectifier, a microprocessor, an 
on-chip power management module with DC/DC converter, and a bat
tery pack. The bridge rectifier consists of six diodes of SS56 type with a 
maximum voltage of 60 V and a maximum forward voltage of 0.7 V at 5 
A current flow. The speed-driven MPPT algorithm is developed in the 
embedded environment and operated in the microprocessor that ac
counts for the calculation of reference voltage, closed-loop control, 
generation of PWM, and acquisition of sensing signals. The power 
management module with DC/DC converter is developed based on the 
LT8705 chip, which is a synchronous 4-Switch buck-boost DC/DC 
controller with the functions of voltage conversion, battery charge and 
basic short circuit protection. It also reserves the interface for the speed- 
driven MPPT algorithm. With the PWM signal generated by the micro
processor, the MPPT function and power management module can be 
integrated into a compact circuit. Finally, the stable DC voltage charges 
the battery pack with a capacity of 13,600 mAh and a standard voltage 
of 22.2 V. The detailed parameters of VEHS in validation are listed in 
Table A1. 

The horizonal test bench generates arbitrary rotation with a step 
motor driven under the control of a signal generator. Then, the rotation 
is transformed to the two-way linear motion of the slider with the ball 
screw, and the linear motion acts on the harvester by an L-shape fixture. 
The displacement sensor and force sensor are exploited to measure the 
vibration and the harvester force. The Hall sensor integrated into the 
rotary generator accounts for measuring the generator rotation velocity. 
All the sensor signals and the voltage signals in the EHC are acquired and 
processed by the microprocessor and displayed on the PC via wireless 
signal transmission. 

Fig. 11. Model of the energy harvesting system.  
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4.3. Experimental validation for energy harvesting system 

Fig. 13 illustrates the experimental results of the harvester-circuit 
joint test under a 0.5 Hz periodic vibration excitation. The rotation ve
locity of the generator measured by the Hall sensor is shown in Fig. 13 
(a). With the speed-driven MPPT algorithm, the reference voltage Vref 
shown in Fig. 13(b) is calculated based on the rotation velocity ac
cording to equation (17). Meanwhile, the measured voltage Vdc is well 
followed with the curve of Vref under the closed-loop voltage control. It is 
noted that the speed-driven MPPT algorithm cannot work fully when the 
reference voltage Vref is lower than the 7 V open voltage of DC/DC 
converter. However, the voltage of DC/DC converter is maintained 
around open voltage. The power is still obtained in this situation as its 
instantaneous curve shown in Fig. 13(c). The harvester force is 
measured as shown in Fig. 13(d), and the positive value represents the 
compression force, while the negative value represents the tension force. 
The two-period force curve corresponds to a four-period unidirectional 
rotation velocity and power curves, indicating that the MMR in the 
harvester is effective in bidirectional mechanical motion rectification 
and can fully harvest and utilize the bidirectional vibration energy. 

The VEHS characteristics versus voltage coefficient are investigated 
with the integrated system model, as shown in Fig. 14. The vibration is 
periodic with 4 mm amplitude, and its frequency gradually increases 
from 0.4 Hz to 2 Hz. The average power first raises to the maximum 
power point (MPP), and then descends with the voltage coefficient Kv. 
The optimal Kv is unique, increasing from 0.45 to 0.525 with the fre
quency from 0.4 Hz to 1.2 Hz, and remains almost constant when the 
frequency is over 1.2 Hz. With the consideration of factors including the 
internal inductance of the generator, the dynamic impedance of the 
rectifier bridge, and the open voltage of DC/DC converter in the VEHS 

model, the optimal Kv exhibits a rightward shifting trend under a higher 
frequency vibration compared to the analytical value of equation (17). 
The RMS value of the harvester force decreases with the voltage coef
ficient increase because a larger Kv regulates a larger circuit impedance 
leading to the decrease of the harvester equivalent damping. It is noted 
that considering the mechanical friction in the harvester model enables 
the prediction of mechanical efficiency. The variation of mechanical 
efficiency with Kv and excitation frequency is not very regular due to its 
strong nonlinearity. Overall, its value increases with the decrease of Kv 
because the harvester damping force accounts for a larger proportion of 
the total force. The VEHS exhibits a better overall efficiency in a higher 
frequency excitation, but the efficiency is slightly reduced with the 
frequency increasing to 2 Hz. The optimal Kv values corresponding to the 
maximum efficiency points are found to be different from those of the 
MPP, and slightly larger than them. With the proper regulation of Kv and 
favorable vibration conditions, the VEHS has the potential to achieve an 
overall average efficiency of 42%, which is a considerable value 
compared to many other energy harvesting solutions. 

To validate the proposed model, a series of tests were conducted with 
the hardware of the VEHS. The test results of average power and RMS 
force are shown in Fig. 14(a) and (b), and the detailed results and errors 
between them are listed in Table 3. The VEHS model well predicts the 
force and shows a discrepancy ranging from 0.2% to 12.61%, which 
tends to become larger at conditions with a lower frequency and smaller 
Kv. The main reason is that some other non-ideal effects, such as the 
Stribeck effect, Stiction force from static frictions and backlash in me
chanical transmission, are not considered in the theoretical model. The 
predicted power possesses a difference of − 2.88% to 13.65% with the 
test values. In some cases where Kv = 0.7, the test power is larger than 
the predicted values. It is because the actual Kv is slightly smaller than 

Fig. 12. Hardware implementation and experimental setup.  
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the ideal value, leading to the closer to MPP, and the control deviation is 
determined by the accuracy of the PI controller. 

Overall, the effectiveness of the VEHS model is validated through the 
joint tests. It exhibits superior prediction accuracy and can be used as a 
tool for optimizing the control strategy of the harvester in onboard 
environments. 

5. System coupling and onboard control strategy 

To explore the optimization issue of speed-driven MPPT in the on
board environment, the development of the vehicle-harvester-circuit 
system model takes into account these practical factors: (1) the 
nonlinear mechanical friction in harvester modeling; (2) the open 
voltage of DC/DC converter, dynamic impedance of diodes, and closed- 
loop control of MPPT algorithm in circuit modeling; (3) nonlinearities of 
primary and secondary suspensions in vehicle modeling, which is 
introduced in Section 5.1. In addition, the model integration and co- 
simulation calculation process are presented in Section 5.2. Section 
5.3 reveals the optimal Kv versus vehicle speed and load with the 
analysis of the system model. The onboard control strategy based on the 
speed-driven MPPT algorithm with the dynamic tuning of Kv is proposed 
in Section 5.4. 

5.1. Dynamic modeling of the freight wagon 

The freight wagon, as shown in Fig. 15, is a nonlinear complex sys
tem incorporating car body, bolsters, side frames, wheelsets, and sus
pensions. The freight wagons with K6 bogies account for nearly half of 
the existing freight cars in China. The selected C80 freight wagons 

equipped with K6 bogies play an important role in the transportation of 
coal, ore, building materials, mechanical equipment, etc., on the Daqin 
Line (one of the most principal heavy haul freight lines in China). 

To obtain an accurate solution for suspension vibration responses, 
the nonlinear structures of secondary and primary suspensions, as 
shown in Fig. 15(e) and (f), have been considered. The primary sus
pension connecting the side frame and axlebox provides the supporting 
force with rubber pads. In the vertical direction, only rubber pads pro
vide elastic deformation force for support. However, in the longitudinal 
and lateral directions, besides the elastic deformation force of rubber 
pads, the contact force between the side frame and axle box should be 
taken into account when they come into contact [60]. The secondary 
suspension includes wedges and supporting springs. The unused vibra
tion energy is usually converted into heat by the friction of the wedges 
and then dissipated. The loading and unloading conditions and friction 
between bolster and wedges account for the nonlinearity in the sec
ondary suspension. In addition, the harvester mounted to the secondary 
suspension also contributes to the force interaction. The total force of 
secondary suspension in the vertical direction can be presented as 

Fsi = KsZsi + 2Fws +(− 1)k2μFsw +Fh (19)  

Zsi = Zc − Zs +(− 1)iltβc ∓ lsδc (20)  

where Ks refers to the vertical stiffness of secondary suspension springs; 
Zsi is the vertical displacement of secondary suspension where i = 1 or 2 
represents the front or rear bogies; Fws refers to the stiffness force under 
wedges; Fsw is the force between the side frame and wedges; k = 0 and 1 
indicate the loading and unloading conditions of wedges, respectively; μ 
is friction coefficient; Fh is provided by the harvester; Zc and Zs are the 

Fig. 13. Experimental results of the harvester-circuit joint test under a 0.5 Hz periodic vibration excitation: (a) rotation velocity of the generator; (b) reference 
voltage and measured voltage; (c) obtained power; (d) harvester force. 
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bouncing of bolster and side frame; ls and lt represent the semi-distance 
between bogies in the longitudinal direction and the distance between 
secondary suspensions in the lateral direction; βc and δc are the car body 
pitching and rolling motion, respectively. 

To make the line situation more practical, the track irregularity of 
the Daqin Line was measured in site with a total detected length of 555 
km at an interval of 0.25 m [61]. The power spectrum density (PSD) and 
generated time-domain track irregularity are shown in Fig. 15(a) and 
(b). The wheel-rail contact is viewed as rigid, and the rail type is Chinese 
60 Rail here. The dynamic model of the wagon can be governed as [62] 

MvZ̈ +CvŻ +KvZ = fr (21)  

where Mv, Cv, Kv correspond to the mass, damping and stiffness matrices 
of the wagon system, respectively; Z represents the displacement vector; 
and fr refers to the force vector that indicates the wheel-rail interaction. 

5.2. Integrated modeling of the vehicle-harvester-circuit system 

Due to the non-negligible interaction between the freight wagon and 
the VEHS, the integrated modeling for the vehicle-harvest-circuit system 
is necessary to explore the potential harvestable power under the sto
chastic vibrations of freight wagon. As shown in Fig. 16, the freight 
wagon-track model is implemented in Simpack (a multi-body dynamic 
software). The VEHS consisting of the harvester module, circuit module, 
and control unit works in the environment of Matlab/Simulink. The co- 
simulation calculation is realized by the SIMAT interface in Simpack. 
Firstly, the wagon and track parameters should be configured in corre
sponding modules, followed by operation conditions including the 
vehicle running speed, road slope, and road curve. The time-domain 
track irregularity is generated based on the PSD function and input as 
the excitation of the dynamic model. Then, the calculated secondary 
vibration responses are transmitted to the VEHS model through the 
SIMAT interface. The harvester module accounts for calculating the 
force and velocity signals during mechanical transmission, and the 
current and voltage signals are processed in the circuit module with the 
closed-loop control. The harvester force signal will be returned back to 
the secondary suspension for the next step calculation. All data are 
finally processed and stored in the co-simulation interface and displayed 
as required. 

5.3. Optimal voltage coefficient in onboard environments 

Fig. 17 illustrates the instantaneous vibration velocity, harvester 
force, and power curves under system co-simulation when the freight 
wagon is fully loaded, and the voltage coefficient Kv in the speed-driven 

Fig. 14. Experimental validation for system characteristics: (a) average power; (b) RMS harvester force; (c) mechanical efficiency; (d) and overall efficiency versus 
voltage coefficient. 

Table 3 
Errors between test results and simulation results based on the VEHS model in 
average power and RMS force (positive/negative errors mean the simulation 
results are larger/smaller than test results).  

Kv 0.3 0.5 0.7 

f 
/Hz 

Average 
power 

RMS 
force 

Average 
power 

RMS 
force 

Average 
power 

RMS 
force 

0.4  13.65%  12.61%  8.68%  11.6% 7.58%  10.5% 
0.8  12.31%  8.7%  12.86%  8.18% 3.65%  6.8% 
1.2  11.17%  8.13%  10.08%  2.73% 2.07%  3.95% 
1.6  6.41%  4.6%  5.85%  2.77% − 1%  1.83% 
2  5.28%  2.77%  3.12%  1.52% − 2.88%  0.2%  
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MPPT algorithm is set as 0.4775 according to equation (17). The non
dimensionalized average power versus wagon load and voltage coeffi
cient at 40, 60, and 80 km/h are summarized in Fig. 18. The 
nondimensionalized average power is defined as the ratio of current 
power to maximum power at the same speed, which can be expressed as 

Pnon =
Pavg

Pmax sp
(22)  

where Pavg is the average power at a particular wagon load and Kv; and 
Pmax_sp represents the maximum average power at the same wagon 

speed. 
Regardless of speed and voltage coefficient, the harvester power is 

positive with the wagon load until 75 t, then decreases. When the wagon 
speed is 40 km/h, the optimal Kv is up to 0.76 for some conditions, which 
is far greater than the analytically obtained optimal value of 0.4775. 
This is mainly because the vibration is not intense at a low wagon speed, 
and the generated harvester voltage hardly reaches the open voltage of 
DC/DC converter, a larger Kv is required to open the circuit in priority. 
When the wagon speed is 60 km/h, contour lines expand in all di
rections, and for most wagon load conditions, their nondimensionalized 

Fig. 15. Dynamic model of the wagon-track system: (a) PSD of track irregularity of Daqin Line in the frequency domain and (b) time domain; (c) side view and (d) 
front view of the wagon-track system; (e) nonlinear structures of (e) secondary suspension and (f) primary suspension. 

Fig. 16. Integrated modeling of the vehicle-harvester-circuit system.  
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Fig. 17. Instantaneous vibration velocity, harvester force, and power curves under system co-simulation when the freight wagon is fully loaded and the voltage 
coefficient Kv is 0.4775 at (a) 40 km/h, (b) 60 km/h and (c) 80 km/h. 

Fig. 18. Nondimensionalized average power of harvester in onboard environments versus wagon load and voltage coefficient at (a) 40 km/h; (b) 60 km/h; and (c) 
80 km/h. 
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average power is higher than that at 40 km/h. It indicates the power 
decline will not be so obvious when the Kv deviates from the optimal 
value. This phenomenon becomes more obvious with the wagon speed 
increased to 80 km/h. In addition, with the raising of wagon speed 
inducing a more intense vibration (the secondary vibration velocity 

increases significantly with the wagon speed, as shown in Fig. 17), the 
optimal Kv for most wagon load conditions seems to be approaching the 
analytical value because it is less affected by the open voltage of DC/DC 
converter. However, due to the existence of the force interaction be
tween the harvester and vehicle, the optimal Kv also tends to move 

Fig. 19. Optimal system characteristics in onboard environments: (a) optimal voltage coefficient; (b) average power and (c) RMS harvester force at optimal voltage 
coefficient versus wagon load and speed. 

Fig. 20. Onboard control strategy for maximizing harvester power performance.  
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rightward to reduce the weakening effect of the harvester on vehicle 
vibration and obtain a more conducive condition for power generation 
(a larger Kv will lead to a smaller harvester damping, thereby a smaller 
interaction force with the vehicle). 

The optimal voltage coefficient Kv and the average power and RMS 
harvester force at optimal Kv versus wagon load and speed are illustrated 
in Fig. 19. The optimal Kv ranges from 0.66 to 0.8 versus wagon load and 
speed, which is a certain difference from the analytical value and the 
optimal value in Fig. 14 without the consideration of the force interac
tion with the vehicle. The relationship of optimal Kv with the wagon load 
and speed exhibits a strong nonlinearity, which is mainly caused by the 
following reasons: (1) Kv affects the mechanical properties of the 
harvester, as well as the force interaction with the vehicle, which does 
not always suppress the vehicle vibration, but may also slightly increase 
the vibration in some cases. (2) The harvester power under intense vi
bration is not very sensitive to Kv within a certain range with the com
pound influence of various factors, and a similar phenomenon appears 
as shown in Fig. 18(c). Hence, for maximizing the onboard performance 
of the harvester, the optimal Kv map can be plotted in advance to guide 
the dynamic tuning of voltage coefficient in the speed-driven MPPT 
algorithm. 

5.4. Onboard control strategy enhancing harvester performance 

Based on the above analysis, the optimal voltage coefficient in on
board environments is related to the wagon load and speed. For maxi
mizing harvester power performance, the onboard control strategy 
based on the speed-driven MPPT algorithm with the dynamic tuning of 
Kv is proposed, as shown in Fig. 20. An extra displacement sensor and 
speed sensor are embedded in the harvester. The speed sensor accounts 
for measuring the wagon speed. The laser displacement sensor measures 
and records the current distance to the bottom of the movable cylinder 
only when the wagon speed is 0, namely the vehicle is in a static state. 
The wagon load can be calculated according to 

Ml = M0 + nspKsΔf = M0 + nspKs(l0 − ln) (23)  

where M0 is the mass of the unloaded car body; nsp is the total number of 
sencondary springs on a vehicle; Δf represents the spring deflection 
change compared to the unloaded condition and is obtained with the 
distance of the current measured distance ln and the measured distance 
l0 in unloaded condition. 

The Kv with dynamic tuning is determined with the wagon load and 
speed, and participated in calculating the MPPT voltage combined with 
the measured generator velocity. The voltage closed-loop control part is 
the same as the process in the speed-driven algorithm. 

Compared to the common speed-driven algorithm with the constant 
Kv according to equation (17), the consequent improvement with the 
proposed control strategy exploited is illustrated in Fig. 21. As shown in 
Fig. 21(a), the harvester power with dynamic Kv can increase by 4% −
60% versus different wagon loads and speeds. Region 1(R1) represents 
light-load conditions, where considerable power enhancement is ach
ieved because the proposed control strategy automatically increases Kv 
to deal with the problem that the circuit is not fully opened under a weak 
vibration excitation. A similar phenomenon exists in Region 2 (R2) that 
indicates low-speed conditions, and the enhancement around wagon 
load of 75 t is most significant. In Region 3 (R3), the vehicle with a 
heavier load runs at a higher speed. The power enhancement gets 
weaker under a more intense vibration with the wagon speed increasing 
and the wagon load approaching 75 t. Meanwhile, the harvester force 
decreases by 2% − 11% with dynamic Kv exploited, as shown in Fig. 21 
(b). This is because the optimal Kv is always larger than the theoretical 
analytic value, resulting in a larger circuit impedance and decreasing the 
harvester force. The harvester force declines obviously when the wagon 
load is about 70 t, and the wagon speed is around 60 km/h. The force 
decrease effect gets weaker with the speed and load dispersion in all 
directions. The proposed strategy is proven effective in enhancing the 
output power and decreasing the harvester force, which enables the 
VEHS more suitable for onboard application environments. 

6. Conclusions 

With the purpose of improving the performance of railway VEHSs 
with large-scale VEHs in onboard environments, this paper considers the 
complex interactions between the vehicle, harvester, and circuit by 
developing a comprehensive system model. Furthermore, the onboard 
control strategy is carefully designed with the analysis of the system 
model. Based on the above investigations, the following conclusions can 
be drawn:  

(1) The equivalent circuit model of rotary electromagnetic VEH takes 
nonlinear mechanical friction in all mechanical transmissions 
and the generator into consideration. A corresponding identifi
cation approach based on the EO is proposed to determine fric
tion parameters. The model with identified parameters is 
validated with high accuracy in predicting the harvester voltage 
and force.  

(2) The EHC is modeled with the consideration of the open voltage of 
DC/DC converter, dynamic impedance of diodes, and closed-loop 
control of MPPT algorithm. The simulation results with the VEHS 
model indicate a discrepancy ranging from 0.2% to 12.61% in the 
harvester force, and a difference of − 2.88% to 13.65% in the 

Fig. 21. Performance improvement with proposed control strategy: (a) power enhancement; (b) harvester force decrease.  
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output power as compared to the test results, which confirms the 
model validity.  

(3) The vehicle-harvester-circuit system model is integrated with the 
harvester-circuit module, and the spatial dynamic model of 
freight wagon that considers the nonlinear constructions of pri
mary and secondary suspensions and measured track irregularity. 
The co-simulation results show that the optimal voltage coeffi
cient varies from 0.66 to 0.8 depending on different vehicle loads 
and speeds, which has a certain difference from the analytical 
solution and indicates the necessity for the dynamic tuning of 
voltage coefficient in the speed-driven MPPT algorithm.  

(4) An onboard control strategy based on the speed-driven MPPT 
algorithm with dynamic voltage coefficient tuning is proposed to 
maximize harvester power performance. With the algorithm 
exploited, the harvester power can increase by 4%-60%, and the 
harvester force decreases by 2%-11% compared to those with a 
constant voltage coefficient.  

(5) In terms of our work in hardware and prototype manufacturing, 
the size and adjustable height of large-scale VEH strictly adhere 
to the structural constraints of wagons. The EHC integrates the 
speed-driven MPPT algorithm and power management module 
based on a synchronous 4-Switch DC/DC control chip, simulta
neously dealing with impedance matching, voltage conversion, 
and battery charging issues, which can be a promising scheme for 
efficient energy extraction from large-scale VEHs. The whole 
VHES is validated with a series of experiments, and the next step 
is to carry out relevant field tests. 

In summary, the carefully designed onboard control strategy can 
improve the performance and robustness of railway VEHSs in various 
conditions, making them more practical and reliable. This advancement 
will promote their widespread application in railway scenarios without 
convenient power supplies. 
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