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Abstract—An electronic interface for the maximization of 
the power extraction from train suspension energy 
harvesters is presented. It is made up of a passive rectifier 
and a DC/DC converter equipped with a digital control unit 
that implements a novel maximum power point tracking 
technique. It can settle the voltage at the rectifier output to 
its optimal value, despite the time-varying train suspension 
vibrations. By exploiting the measurement of the generator 
speed, the proposed technique is able to almost 
instantaneously reach the maximum power point, allowing 
a power extraction higher than the widely used perturb and 
observe algorithm. Moreover, the proposed technique is 
equipped with an adaptive control for ensuring the power 
maximization despite the tolerances and time-variability of 
the system parameters. Experimental results validate the 
theoretical analysis and confirm the superior performance 
of the proposed interface. 
 

Index Terms—Train Suspension Energy Harvesters; 
Maximum Power Point Tracking; Perturb and Observe. 

I. INTRODUCTION 
HE transportation safety and efficiency of freight wagons 
can be significantly improved by equipping them with on 

board sensors for continuous monitoring and tracking. The lack 
of electricity in freight cars, needed for powering on board 
sensors, can be overcome by resorting to the harvesting of 
otherwise wasted energy [1]-[3]. As a significant amount of 
energy is usually dissipated in railcar suspensions through oil 
shock absorbers or frictional dampers, a large variety of Train 
Suspension Energy Harvesters (TSEH) have been proposed in 
the literature [3]. Examples are linear electromagnetic 
harvesters, where magnets move linearly with the train 
suspension inside coils [4]-[5], or rotary electromagnetic 
harvesters, which are able to convert the linear motion of the 
suspension into a bidirectional [6] or a unidirectional rotation 
[7] of an electromagnetic generator. The last ones are based on 
Mechanical Motion Rectifier (MMR) systems that increase the 
efficiency by allowing the generator to always rotate in the 
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same direction [7]-[17].  
Whatever may be the linear-to-rotary conversion principle, 

all the rotary harvesters exploit an electromagnetic generator to 
convert the mechanical energy into electrical energy [6]-[17] 
and, thus, require the rectification of the output AC voltages. In 
the most widely used AC/DC converter, i.e. the diode bridge 
rectifier [18]-[21], the power extracted from the harvester is 
strictly linked to the value of the rectifier output voltage [22]-
[25]. In particular, an optimal voltage exists that leads to the 
maximization of the harvested power, and its value is time 
varying with the train suspension vibrations.  

Since the maximum power transfer theorem allows the 
prediction of the optimal matched load only for linear circuits 
[26], recently resonant harvesters have been investigated in 
order to identify the optimal voltage at the output of the non-
linear converter [22]-[23]. Unfortunately, the non-resonant 
nature of TSEHs and their non-sinusoidal operating conditions 
do not allow the application of the above concepts. As far as the 
authors know, the investigation of the optimal operating 
conditions and of the dynamic tracking of the Maximum Power 
Point (MPP) in TSEHs loaded by passive bridge rectifiers is 
addressed in this paper for the first time. 

In energy harvesting applications, the most widely used 
Maximum Power Point Tracking (MPPT) technique is the 
Perturb and Observe (P&O) [24]-[25]. It is based on a “Hill 
Climbing” algorithm that tries to find the peak of the hill in a 
blind way, i.e. without any global information on the system, 
just exploiting the local information on the extracted power. 
Thus, the P&O algorithm, operating step by step, takes a time 
to reach the MPP that is significantly greater than the system 
settling time. This is not acceptable in applications with quickly 
time-varying MPPs, as it happens in TSEHs due to the time 
variability of the train suspension vibrations. Moreover, the 
effectiveness of the P&O technique is strictly related to the 
design parameters that must be properly and accurately chosen 
as a function of the actual characteristics of the energy source 
[24]-[25], which are quite unpredictable in TSEHs applications. 
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In order to overcome the above limits of the P&O technique, 

a power electronic interface featured with a novel MPPT 
technique for TSEHs is presented in this paper. Such a MPPT 
technique, which is named Speed Driven Adaptive (SDA), 
allows a real-time direct estimation of the MPP, by exploiting 
the measurement of the generator speed, which is usually 
available in three-phase brushless electromagnetic generators. 
Thus, the SDA technique ensures a maximum power extraction, 
despite the possible time variations of the train suspension 
vibration characteristics. Moreover, the SDA technique 
implements a dynamic adaptive control to handle the tolerances 
and time variability of the parameters of the controlled system. 
Experimental results, obtained with reference to the highly 
efficient TSEH presented in [7], demonstrate the ability of the 
proposed SDA MPPT technique to track the MPP without 
errors in presence of fast time-varying generator speeds. Such 
results also show the advantages of the proposed SDA 
technique compared to the widely used P&O MPPT technique. 

II. TRAIN SUSPENSION ENERGY HARVESTER 
The TSEH shown in Fig. 1(a) [7], is an electro-mechanical 

system that is able to convert the mechanical energy associated 
with the bi-directional vibration between the bogie and the 
railcar body of the train into electricity. As shown in Fig. 1(b), 
it is composed of a rack, a pinion gear integrated with a shaft, 
an enclosed gearbox acting as MMR, a planetary gearhead and 
a three-phase brushless electromagnetic generator with a 
flywheel. In particular, the MMR converts the bi-directional 
rotation of the pinion shaft into a unidirectional rotation of the 
gearhead shaft and allows the improvement of the energy 
harvesting efficiency and the reduction of the impact force 

during transmission.  
The MMR gearbox is composed of two large bevel gears 

connected to the pinion gear shaft by means of two one-way 
clutches. The two large bevel gears are connected to the 
gearhead shaft through a small bevel gear. Due to the presence 
of the two one-way clutches, during the bi-directional rotation 
of the pinion gear shaft, the small bevel gear can be driven at 
most by one of the two large bevel gears that is, the one whose 
one-way clutch is engaged with the pinion gear shaft. The two 
large bevel gears are mounted so that the small bevel gear 
rotates always in the same direction. The operating mode 
named “Engagement mode” takes place when one of the two 
large bevel gears is engaged with the pinion gear shaft so that 
the input torque is transmitted from the pinion gear shaft to the 
gearhead shaft. In this operating mode, the speed ωp of the 
pinion gear shaft is equal to the speed of one of the two large 
bevel gears. When ωp decreases too fast, both the one-way 
clutches result disengaged from the pinion gear shaft and no 
torque is transmitted from the pinion shaft to the generator, 
which as shown in Fig. 1(c), is allowed to freely rotate faster 
due to the rotary inertia. This operating mode is named 
“Disengagement mode”. The equations modelling the system 
operations are different in the engagement and disengagement 
modes and will be presented in the sequel. The detailed analysis 
of the TSEH and the electromechanical energy conversion 
process can be found in [7], [15]-[17], [21]. 

A. Engagement Mode 
In the engagement mode, the speed of the generator shaft is 

equal to the rectified speed of the pinion, increased by the 
gearhead and bevel gears ratio, as shown in Fig. 1(c). If x(t) is 
the displacement of the suspension vibration and rp the pinion 
gear radius, the pinion gear shaft speed can be written as ωp(t) 
= ẋ(t)/rp, neglecting backlash and compliance [7]. The small 
bevel gear speed can be expressed as ωs(t) = nb∙|ωp(t)|, where nb 
is the transmission ratio from the large bevel gears to the small 
bevel gear. Moreover, if ng is the planetary gearhead 
transmission ratio, it is possible to write the generator speed as 

𝜔𝑔𝑒(𝑡) = 𝑛𝑔 ⋅ 𝜔𝑠(𝑡) = 𝑛𝑔 ⋅ 𝑛𝑏 ⋅ |𝜔𝑝(𝑡)| (1) 
In this operating mode, the torque is transmitted from the 

pinion shaft to the generator shaft and the following mechanical 
equation holds 

𝑇𝑒𝑥𝑡( 𝑡) = 𝑇𝑔𝑒( 𝑡) + 𝐵𝑔𝑒⋅ 𝜔𝑔𝑒(𝑡) + 𝐽𝑡𝑜𝑡⋅ 𝑑𝜔𝑔𝑒(𝑡) 𝑑𝑡⁄  (2) 
where Text is the torque driving the generator shaft, Bge is the 
rotary damping coefficient of the generator and Jtot is the total 
rotary inertia of the generator and of the flywheel. Moreover, 
Tge is the resistive torque associated with the electrical currents 
of the three-phase generator and it can be written as 

𝑇𝑔𝑒(𝑡) = ∑ 𝑣𝑔𝑒−𝑘(𝑡) ⋅ 𝑖𝑔𝑒−𝑘( 𝑡) /𝜔𝑔𝑒(𝑡)

3

𝑘=1

=

= 𝑝𝑔𝑒(𝑡) /𝜔𝑔𝑒(𝑡)

 (3) 

where vge-k and ige-k are the k-th phase voltage and current, 
respectively. The voltage vge-k is given by 

𝑣𝑔𝑒−𝑘(𝑡) = 𝑘𝑒⋅ 𝜔𝑔𝑒(𝑡) ⋅ 𝑠𝑖𝑛 [𝜃𝑔𝑒(𝑡) +
2(𝑘 − 1)𝜋

3
] (4) 

(a) 

(b) 

(c) 
Fig. 1. (a) Train Suspension Energy Harvester [7] and (b) its schematic 
representation. (c) Engagement and disengagement modes in case of 
sinusoidal displacement. 
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where 

𝜃𝑔𝑒(𝑡) = ∫ 𝑛𝑝 ⋅ 𝜔𝑔𝑒(𝜏) 𝑑 𝜏
𝑡

0

 (5) 

k = 1, 2 and 3 is the phase number, ke is the generator voltage 
constant and np is the number of generator pair poles. The 
currents ige-k can be calculated from the following system  

𝑣𝑔𝑒−𝑘(𝑡) − 𝑣𝑔𝑒−(𝑘+1)(𝑡) − 𝑣𝑙𝑜𝑎𝑑−𝑘(𝑡) + 𝑣𝑙𝑜𝑎𝑑−(𝑘+1)(𝑡) =

= 𝑅𝑔𝑒 ⋅ [𝑖𝑔𝑒−𝑘(𝑡) − 𝑖𝑔𝑒−(𝑘+1)(𝑡)] +

+𝐿𝑔𝑒 ⋅ [𝑑𝑖𝑔𝑒−𝑘(𝑡) / 𝑑𝑡 − 𝑑𝑖𝑔𝑒−(𝑘+1)/𝑑𝑡]

 (6) 

where vload-k is the k-th phase voltage across a wye connected 
load, Rge and Lge respectively are the resistance and inductance 
of the generator’s phase coils. 

B. Disengagement Mode 
When the train suspension motion reduces and, 

consequently, the pinion gear speed decreases, the MMR 
disconnects the pinion shaft from the generator shaft. As shown 
in Fig. 1(c), in this operating mode the generator speed is 
greater than the pinion gear speed, increased by the gearhead 
and bevel gear ratios, i.e. ωge(t) > ng∙nb |ωp(t)|. The generator 
speed can be calculated by solving the mechanical equation 

0 = 𝑇𝑔𝑒( 𝑡) + 𝐵𝑔𝑒⋅ 𝜔𝑔𝑒(𝑡) + 𝐽𝑡𝑜𝑡⋅ 𝑑𝜔𝑔𝑒(𝑡) 𝑑𝑡⁄  (7) 
where Tge is still given by (3)-(6).  

It should be noted that, differently from the engagement 
mode, in the disengagement mode the generator speed ωge is not 
driven by the mechanical displacement x(t). According to (7), 
ωge depends on the electrical torque Tge, which in turn depends 
on the power delivered to the electrical load, i.e. on the 
extracted power. Moreover, it is worth noting that, according to 
(7), for a given electrical load, the greater the inertia Jtot the 
slower is the decrease of the speed ωge. Thus, in order to 
maximize the power delivered to the load in the disengagement 
mode, it is desirable to have a large inertia Jtot. This condition, 
in turn, leads to an almost constant generator speed. 

III. AC/DC CONVERSION ANALYSIS 
The most suitable choice to rectify the three-phase AC output 

voltage of the generator is a diode bridge rectifier, due its 
simplicity and low losses [18]-[20]. Since, the power extracted 
from the TSEH is a function of the voltage VDC at the output of 
the rectifier [21], the value of VDC that allows the extraction the 
maximum power is analytically predicted. The TSEH loaded by 
a diode bridge rectifier is modelled by means of the equivalent 
circuit shown in Fig. 2, where the mechanical subsystem has 
been obtained from the describing equations presented in the 
previous Section. 

Let us first consider the case of a constant generator speed 

ωge, for which (5) reduces to 
𝜃𝑔𝑒(𝑡) = 𝑛𝑝 ⋅ 𝜔𝑔𝑒 ⋅ 𝑡 (8) 

and hence, according to (4), the phase voltages vge-k are purely 
sinusoidal. In the ideal case of null inductance value (Lge = 0) 
[7], [22] and null diodes voltage drops (Vd = 0), the interval [0, 
2π] of θge(t) can be divided in six subintervals of duration π/3 
(Fig. 3), wherein only two of the three phases conduct current. 
These are the ones with the highest and the lowest voltage 
values. As an example, in the subinterval 1 where vge-2 is the 
highest phase voltage and vge-3 is the lowest one, the electrical 
subsystem shown in Fig. 2 reduces to that reported in Fig. 4, 
where the voltage vge-23, for θge ∈ [-/6, /6], is given by 

𝑣𝑔𝑒−23(𝑡) = 𝑣𝑔𝑒−2 − 𝑣𝑔𝑒−3 = √3 𝑘𝑒 𝜔𝑔𝑒 𝑐𝑜𝑠[𝜃𝑔𝑒(𝑡)] (9) 
If the value of VDC ensures the conduction of the diodes, 

according to Fig. 4, the current in the DC side is  

𝐼𝐷𝐶(𝜃𝑔𝑒) =
𝑣𝑔𝑒−23(𝜃𝑔𝑒) − 𝑉𝐷𝐶

2 ⋅ 𝑅𝑔𝑒

∀𝜃𝑔𝑒 ∈ [−
𝜋

6
,
𝜋

6
] (10) 

and the instantaneous power is 

𝑝𝐷𝐶(𝜃𝑔𝑒) =
𝑣𝑔𝑒−23(𝜃𝑔𝑒) 𝑉𝐷𝐶 − 𝑉𝐷𝐶

2

2 ⋅ 𝑅𝑔𝑒

   ∀𝜃𝑔𝑒 ∈ [−
𝜋

6
,
𝜋

6
] (11) 

It is possible to obtain the average power delivered to the DC 
load by averaging (11) over [-/6, /6] 

𝑃𝐷𝐶 =
3√3 ⋅ 𝑘𝑒 ⋅ 𝜔𝑔𝑒 ⋅ 𝑉𝐷𝐶

2 ⋅ 𝜋 ⋅ 𝑅𝑔𝑒

−
𝑉𝐷𝐶

2

2 ⋅ 𝑅𝑔𝑒

 (12) 

Equation (12) shows that the average extracted power is a 
quadratic function of the DC voltage and an optimal value 
VDC_MPP of VDC exists, which maximizes the average extracted 
power. By differentiating (12) with respect to VDC and then 
equating it to zero, it is possible to find the value of VDC_MPP 

𝑉𝐷𝐶_𝑀𝑃𝑃 =
1

2
⋅

3

𝜋
⋅ √3 ⋅ 𝑘𝑒 ⋅ 𝜔𝑔𝑒 = 𝐾𝑉_𝑀𝑃𝑃 ⋅ 𝜔𝑔𝑒  (13) 

Equation (13) shows that VDC_MPP is proportional to ωge 
through the constant KV_MPP = 0.83∙ke. In case that Lge ≠ 0 and 
Vd ≠ 0, (13) still holds with a small error as it will be numerically 
and experimentally shown in Section V. According to (13), if 
the measurement of the generator speed ωge is available in real 
time, as it is typically available in such kind of applications, it 
is possible to obtain a real time estimation of the optimal 
voltage VDC_MPP, which leads to the maximization of the 
extracted power. This is the principle that is exploited by the 

 
Fig. 3. Six subintervals of θge(t) wherein only two of the three phases 
conduct. 

 
Fig. 4. Electrical subsystem of the TSEH in the subinterval where vge-2 
is the highest phase voltage and vge-3 is the lowest one. 
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Fig. 2. Equivalent electrical circuit of a TSEH loaded by a diode bridge 
rectifier. 
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proposed SDA MPPT technique, and will be described in the 
next Section.  

Note that, the above analysis has been carried out under the 
assumption of a constant ωge and, hence, a constant amplitude 
of vge-k in (4). However, (13) is also valid in the case where ωge 
varies so slowly that the variation of the amplitude of vge-k is 
negligible during the period τge(t) of such a sinusoidal function, 
vge-k(t). Let us now quantitatively estimate when this condition 
holds true. Using the first-order approximation of the Taylor 
series expansion of ωge it results 

𝜔𝑔𝑒(𝑡 + 𝜏𝑔𝑒) = 𝜔𝑔𝑒(𝑡) +
𝑑𝜔𝑔𝑒(𝑡)

𝑑𝑡
⋅ 𝜏𝑔𝑒(𝑡) (14) 

The function ωge is slowly-varying in τge(t) if the condition  

𝜔𝑔𝑒(𝑡) ≫
𝑑𝜔𝑔𝑒(𝑡)

𝑑𝑡
⋅ 𝜏𝑔𝑒(𝑡) (15) 

is met. Moreover, by taking into account that 

𝜏𝑔𝑒(𝑡) =
2𝜋

𝑛𝑝 ⋅ 𝜔𝑔𝑒(𝑡)
 (16) 

expression (15) can be rewritten as 

𝜔𝑔𝑒
2 (𝑡) ≫

2𝜋

𝑛𝑝

⋅
𝑑𝜔𝑔𝑒(𝑡)

𝑑𝑡
 (17) 

Condition (17) can be easily expressed in terms of the TSEH 
parameters and of the input vibration characteristics in case of 
sinusoidal input displacement, that is x(t) = - Ax∙cos(ωx∙t). In the 
engagement mode, ωge and dωge/dt can be expressed as  

𝜔𝑔𝑒(𝑡) =
𝑛𝑔 ⋅ 𝑛𝑏

𝑟𝑝

⋅ 𝐴𝑥 ⋅ 𝜔𝑥 ⋅ 𝑠𝑖𝑛(𝜔𝑥 ⋅ 𝑡) (18) 

𝑑𝜔𝑔𝑒(𝑡)

𝑑𝑡
=

𝑛𝑔 ⋅ 𝑛𝑏

𝑟𝑝

⋅ 𝐴𝑥 ⋅ 𝜔𝑥
2 ⋅ √1 − 𝑠𝑖𝑛2(𝜔𝑥 ⋅ 𝑡) (19) 

By taking into account (18)-(19), inequality (17) leads to 
𝜔𝑔𝑒

2 (𝑡) ≫ 𝜔𝑥
2 ⋅ 𝐾𝜔(𝐴𝑥) =

= 𝜔𝑥
2 ⋅ [

1

2
√(

2𝜋

𝑛𝑝

)

4

+ (
4𝜋𝑛𝑔𝑛𝑏𝐴𝑥

𝑟𝑝𝑛𝑝

)

2

− 2 (
𝜋

𝑛𝑝

)

2

]
 (20) 

Inequality (20) identifies a minimum value of the time-
varying function ωge(t), dependent on the input displacement 
amplitude and frequency, beyond which the optimal DC voltage 
VDC_MPP can be still predicted by using (13). Since the time 
derivative of ωge(t) is lower in the disengagement mode (Fig. 
1(c)) than that in the engagement mode, if inequality (20) is 
verified in the engagement mode, then it is also verified in the 
disengagement mode.  

Finally, it is worth noting that since the generator speed 
changes in real applications due to the time variations of the 
train suspension vibrations, then according to (13) also VDC_MPP 
changes with time and needs to be properly tracked.  

IV. AC/DC ELECTRONIC INTERFACE BASED ON THE SDA 
MPPT TECHNIQUE 

Previous analysis showed that, when a TSEH is loaded by a 
diode bridge rectifier, the extracted power depends on both the 
generator speed and the rectifier DC side voltage. Thus, in order 
to maximize the power extraction, it is necessary to use a 
DC/DC converter equipped with a MPPT technique which 
ensures that the value of the DC side voltage, VDC, is as close as 

possible to the optimal value, VDC_MPP, given by (13). 
To this end, a synchronous boost DC/DC converter is placed 

between the diode bridge rectifier and the DC load (whose 
voltage VLOAD is nearly constant since it varies with time 
constants much larger than other quantities in the considered 
system) to regulate the voltage VDC through a closed-loop 
feedback, as shown in Fig. 5. This loop is based on a PI 
regulator, whose input is the error signal between the reference 
VDC_REF and the measured value of VDC, and whose output is the 
duty cycle signal of the switches for the PWM modulator. The 
reference voltage VDC_REF is provided by a MPPT controller, 
implementing a MPPT technique named SDA and specifically 
designed for TSEH systems. In particular, by taking into 
account that VDC_MPP can be estimated by (13), the SDA MPPT 
controller calculates VDC_REF by multiplying the generator 
speed ωge, measured through Hall sensors, by a parameter KV, 
i.e. 

𝑉𝐷𝐶_𝑅𝐸𝐹 = 𝐾𝑉 ⋅ 𝜔𝑔𝑒 (21) 
According to (13), the extracted power is maximized for KV 

equal to KV_MPP. However, KV_MPP can be only known roughly 
because its value is analytically known only in the ideal case 
(Lge = 0 and Vd = 0) and also because its value can change due 
to the time variations of the controlled system parameters. 
Hence, the SDA MPPT technique dynamically adapts the 
parameter KV in order to make it as close as possible to the 
optimal value KV_MPP. The operation of the dynamic adaptive 
algorithm is described in the following. 

If the PI closed-loop feedback in Fig. 5 ensures the tracking 
of VDC to its reference voltage given by (21), (12) reduces to 

𝑃𝐷𝐶 =
3√3 ⋅ 𝑘𝑒 ⋅ 𝜔𝑔𝑒

2 ⋅ 𝐾𝑉

2 ⋅ 𝜋 ⋅ 𝑅𝑔𝑒

−
𝐾𝑉

2 ⋅ 𝜔𝑔𝑒
2

2 ⋅ 𝑅𝑔𝑒

 (22) 

and the normalized extracted power is equal to 

𝑃𝐷𝐶_𝑁 =
𝑃𝐷𝐶

𝜔𝑔𝑒
2

=
3√3 ⋅ 𝑘𝑒 ⋅ 𝐾𝑉

2 ⋅ 𝜋 ⋅ 𝑅𝑔𝑒

−
𝐾𝑉

2

2 ⋅ 𝑅𝑔𝑒

 (23) 

By differentiating (23) with respect to KV and then equating 
it to zero, it is possible to find the value of KV that maximizes 
PDC_N 

𝑑𝑃𝐷𝐶_𝑁

𝑑𝐾𝑉

= 0    →     𝐾𝑉 =
3√3 ⋅ 𝑘𝑒

2 ⋅ 𝜋
= 𝐾𝑉_𝑀𝑃𝑃 (24) 

Equation (24) shows that the value of KV that maximizes the 
normalized extracted power is equal to the desired optimal 
value KV_MPP introduced in (13). Therefore, the latter one can be 
determined by looking for the maximization of the normalized 
power PDC_N. This is a very interesting result which allows us 
to state that it is possible to determine the optimal value of KV 

 
Fig. 5. Train Suspension Energy Harvester loaded with an AC/DC 
power electronic interface equipped with the proposed SDA MPPT 
controller. 
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regardless of the time varying value of the generator speed ωge. 

According to (22)-(24), the SDA MPPT controller 
implements a perturbative approach to slowly adapt KV against 
possible long-time parameter variations. This adaptive control 
is implemented by periodically giving a perturbation, with a 
constant amplitude ΔKV, to the parameter KV. The sign of the 
perturbation is updated on the basis of the variation of the 
normalized power PDC_N, whose value is calculated, as shown 
in Fig. 6, starting from the measurement of VDC, IDC and ωge. 
After a perturbation of KV, if the corresponding value of PDC_N 
has increased (decreased), the value of KV has moved towards 
(away from) KV_MPP. Therefore, the next perturbation of KV will 
have the same (opposite) sign as the previous perturbation and 
so on. The sign of the perturbation is updated with a period TK, 
whose relatively large value is set on the basis of the expected 
long-time system parameters variations. 

The implementation of the Digital Control Unit represented 
in Fig. 5 is shown in Fig. 6. Its input signals are VDC, IDC and 
VHALL, and its output is the square-wave control signal for the 
DC/DC converter switches. The VDC signal is used to 
implement the inner feedback loop through a PI controller and 
a PWM modulator, whose digital code is executed at a fast rate 
in order to ensure a quick dynamic response. The reference 
voltage VDC_REF is generated according to (21) on the basis of 
the generator speed, calculated from the output signals VHALL of 
the Hall sensors. The speed calculation and, hence, the voltage 
reference updates are performed at every edge of the output 
signals of the Hall sensors. Since the rate of edges of the Hall 
sensors is proportional to the generator speed, the execution rate 
of the last code is variable. 

The Dynamic Adaptive Control aimed at updating the value 
of KV is implemented at a slow execution rate, i.e. every TK 
seconds, because the time variations of KV_MPP are expected to 
be very slow. As described above, the update of KV is 
determined on the basis of the value of the normalized power 
PDC_N = PDC/ωge

2. To this end, PDC_N is calculated at the same 
fast rate of the PI controller by multiplying the measured values 
of VDC and IDC, and by dividing the result by ωge

2. To avoid 
singularities, the normalized power is evaluated only when ωge 
is higher than a specified threshold. Moreover, the highest value 
of PDC_N during every interval of duration TK, i.e. PMAX = 
max{PDC_N}, is provided to the Dynamic Adaptive Control 
every TK.  

It is worth noting that the proposed Dynamic Adaptive 

Control for KV, is based on a perturbative approach that falls in 
the set of “hill climbing” algorithms that also includes the P&O 
MPPT [28]. For these techniques, the stability and convergence 
to the maximum value of the objective function is ensured, 
provided that the maximum is unique and that the “hill 
climbing” algorithm is designed and customized to the 
considered application according to the guidelines provided in 
the literature [28]. Such guidelines require that the update 
interval TK must ensure that, after each perturbation of KV, the 
system reaches a steady-state condition before the next 
measurement of the normalized power PDC_N is done. This 
condition can be easily verified in practice because the expected 
variations of the system parameters, which are the target of this 
dynamic adaptation, are characterized by times that are much 
larger than the system settling time. Moreover, according to the 
literature stability guidelines, the amplitude perturbation ΔKV 
must ensure that the variations of the normalised power PDC_N 
are greater than the variations of PDC_N due to possible external 
long-time parameters changes. Also, this condition can be 
easily met in practical applications.  

In order to design the PI Regulator, a small signal model of 
the control loop in Fig 5 is developed, by performing an 
averaging and linearization process around the desired 
operating point [29]. In Fig. 7(a), GPI(s) is the PI transfer 
function to be designed, VLOAD is the nearly constant boost 
converter output voltage, RL and RC are the equivalent series 
resistances of L and CDC respectively. GIV(s) is the VDC to IDC 
transfer function that models the system at the left of the 
capacitance CDC. Such a transfer function has been numerically 
obtained by means of PSIM circuit simulations of the system in 
Fig. 5. The parameters used for the numerical analysis are 
reported in Table 1. For the system in Fig. 7(a), it is possible to 
write the expression of the uncompensated loop gain TU(s), i.e. 
by assuming GPI(s) = 1,  

𝑇𝑈(𝑠) =
𝑉𝐵𝐴𝑇𝑇 ⋅ (1 + 𝑠 ∙ 𝑅𝐶𝐶𝐷𝐶)

1 − 𝐺𝐼𝑉(𝑠) ∙ 𝑅𝐿 + 𝑠 ∙ 𝐷1(𝑠) + 𝑠2 ∙ 𝐷2(𝑠)
 (25) 

𝐷1(𝑠) = 𝐶𝐷𝐶 ∙ (𝑅𝐶 + 𝑅𝐿) − 𝐺𝐼𝑉(𝑠)

∙ (𝐿 + 𝑅𝐶𝑅𝐿𝐶𝐷𝐶) (26.1) 

𝐷2(𝑠) = 𝐿 ∙ 𝐶𝐷𝐶 − 𝐺𝐼𝑉(𝑠) ∙ 𝑅𝐶 ∙ 𝐿 ∙ 𝐶𝐷𝐶 (26.2) 

 
Fig. 6. Schematic representation of the digital control unit 
implementing the proposed SDA MPPT technique. 
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Fig. 7. (a) Small signal equivalent model of the feedback control loop 
Fig. 5; (b) Bode diagrams of the magnitudes and phases of the transfer 
functions of TU and TC. 
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By using (25), it is possible to design the transfer function 

GPI(s) of the PI Regulator leading to a stable closed-loop system 
with a compensated loop gain TC(s) = TU(s)∙GPI(s) characterized 
by an adequate phase margin (65°) and crossover frequency (fC 
= 3 kHz = 0.1∙fS, where fS is the switching frequency of the 
PWM modulator equal to 30 kHz).  

The Bode diagrams of the magnitudes and phases of the 
transfer functions of TU and TC, reported in Fig. 7(b), highlight 
the stability of the closed-loop system and its characteristics in 
terms of phase margin and crossover frequency. 

V. EXPERIMENTAL RESULTS 
Experimental results aimed at validating the theoretical 

analysis and the proposed SDA MPPT technique are reported 
and discussed in this Section. The parameters of the adopted 
TSEH are reported in Table 1. With reference to the power 
electronic interface, shown in Fig. 8, the three-phase diode 
bridge rectifier has been implemented by means of the passive 
rectifier legs in the L6205 integrated circuit. The parameters of 
the DC/DC synchronous boost converter, which has also been 
implemented by using an active inverter leg in the L6205 
integrated circuit, are CDC = 100 μF and L = 100 mH. Since the 
L6205 integrated circuit allows the operation with a switching 
frequency up to 100 kHz and the inductor auto-resonance is 
larger than that frequency, the boost converter switching 
frequency was set to 30 kHz in order to reduce the switching 
losses while ensuring acceptable switching ripples. The DC 
load in Fig. 5 has been substituted by a four quadrant Kepco® 
power amplifier whose voltage has been set at VLOAD = 15 V. 
The diode bridge rectifier DC side current IDC has been 
measured through a resistance Rmeasure = 0.2 Ω and its voltage 
drop has been filtered and amplified. It is worth noting that in 
an actual implementation of the system, a real storage element 
(battery or supercapacitor) should be employed as a DC load. 
In this case, if it is necessary to slow the dynamics of the entire 
system in order to optimize the transfer of the energy to the 
storage element, the inertia of the overall system could be 

increased. With reference to the digital control unit, the 
proposed SDA MPPT technique, the PI regulator and the PWM 
modulator have been implemented in a STM32F401RE 
microcontroller by STMicroelectronics®. The considered 
microcontroller, and hence the overall digital control unit, is 
characterized by a maximum power consumption lower than 
80mW.  

A. Harvested power vs. KV 
The first set of tests were carried out in order to validate the 

main analytical result of Section III, where it has been shown 
that the optimal DC voltage, VDC_MPP, is proportional through a 
constant, KV_MPP, to the generator speed, according to (13).  

To this end, a number of simulations were performed in 
PSIM environment by using the same constant generator speed, 
ωge = 3300 rpm, and by varying the values of Lge/Rge and Vd, 
that were set to zero in the theoretical analysis. Results reported 
in Fig. 9(a) show that, even if the values of Lge/Rge and Vd have 
a significant impact on the maximum value of the extracted 
power, their effect on the value of the optimal DC voltage and, 
hence, of the parameter KV_MPP is less than 15%. Indeed, such 
optimal values are close to those analytically predicted by (13) 
with the parameters in Table 1, i.e. VDC_MPP = 7.6 V and KV_MPP 
= 2.3∙mV/rpm. This conclusion is also confirmed by the 
experimental results, reported in Fig. 9(a) and performed by 
controlling the DC voltage at the desired testing points.  

Furthermore, other experimental tests were performed for 
different generator speeds. The PDC vs. KV measured curves are 
reported in Fig. 9(b) and the MPP voltages of the curves in Fig. 
9(b) are reported in Fig. 9(c) as a function of ωge. These results 
show the impact of the generator speed on the extracted power 
and on the values of KV_MPP and VMPP. The generator speed has 
a significant impact on the maximum value of the extracted 
power, but its effect on the actual values of KV_MPP and of VMPP 
is less than 17% with respect to those analytically predicted.  

TABLE 1. TRAIN SUSPENSION ENERGY HARVESTER PARAMETERS 
Symbol Parameter Value 

nb Bevel Gears Ratio 2 
rp Pinion Radius 20 mm 

kt Generator Torque Constant 46.1 mN∙m/A 
ke Generator Voltage Constant 0.0028 V/rpm 
Bge Generator Damping Coefficient 0.15 mNm/rpm 
Jge Generator Moment of Inertia 12.8 g∙cm2 
np Number of Generator Pair Poles 7 
Rge Generator Internal Resistance 0.72 Ω 
Lge Generator Internal Inductance 0.57 mH 

 

 
Fig. 8 Picture of the implemented power electronic interface. 
 

 (a) 

 (b) 

(c) 
Fig. 9. (a) Simulation (PSIM) and experimental results for ωge = 3300 
rpm; (b) Experimental results for different values of ωge; (c) Analytical 
and experimental MPP voltage as a function of ωge. 
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The experimental results reported in this section highlight 

that, on the one hand, the value of KV_MPP analytically predicted 
by (13) is able to lead to the extraction of a power very close to 
the MPP in nearly all the considered working conditions while 
on the other hand, in order to cope with a possible error on the 
starting value of KV and with tolerances and time variability of 
the parameters of the controlled system, a slow adaptation of 
the value of KV is needed in order to guarantee that the system 
extracts always the maximum available power. 

B. Tracking ability of the SDA MPPT technique 
A second set of experimental tests were carried out in order 

to show the operation of the proposed SDA MPPT technique 
and to assess its ability to adjust the value of KV for tracking the 
MPP when the generator speed ωge is constant. To this end, the 
mechanical part of the TSEH was emulated by means of a DC 
motor with closed-loop speed controller, driving the real three-
phase generator at ωge = 3300 rpm. The digital control unit 
implementing the proposed MPPT technique was turned on 
with a preloaded starting value of KV equal to 4∙mV/rpm, which 
was intentionally set far from the nominal optimal value 
predicted by (13), and shown in Fig. 9. Moreover, TK was set to 
5 s, which is a value much lower than the one expected for the 
parameters’ variations, to test the convergence of the adaptive 
control. In an actual implementation of the system, a greater 
value of TK can be selected since the proposed dynamic adaptive 
control is aimed at facing the tolerances and long-time 
variabilities of the parameters of the TSEH system. An 
oscilloscope screenshot is reported in Fig. 10(a) illustrating the 
tracking process. In order to verify the MPP tracking, a sweep 
of imposed values for KV was performed, as shown in Fig. 
10(b). By comparing the maximum power extracted in Fig. 
10(b) and the steady-state power extracted in Fig. 10(a), it is 
possible to state that the proposed adaptive control is able to 
self-adapt the value of KV in order to track the MPP, even in 
presence of a significant error in the starting value of KV. 

C. Tests with a real Train Suspension Energy Harvester 
The last set of experimental tests were carried out to show 

the operation of the proposed SDA MPPT technique when 
applied to a real TSEH. To this end, the proposed power 
electronic interface was connected to a prototype of the TSEH 
in Fig. 1 mounted on an Instron® hydraulic test machine, as 
shown in Fig. 11. The lower grip of the Instron® machine was 
rigidly connected with the hydraulic actuator controlled by a 
built-in software. A National Instrument® acquisition board 
was used to record the three phases AC voltages and the voltage 
and current at the output of the diode bridge rectifier.  

Firstly, the TSEH with the proposed power electronic 
interface was tested under a sinusoidal excitation with a 
vibration frequency fx = 2 Hz (ωx = 2∙π∙fx) and a vibration 
amplitude Ax = 3 mm. This sinusoidal displacement is 
transformed by the MMR with transmission ratio ng = 66 in a 
nearly half sinusoidal generator speed ωge(t) with a peak value 
ωge-MAX equal to about 2380 rpm. Since, for the considered 
system, Kω = 17.4 and √Kω∙ωx = 500 rpm, inequality (20) is 
verified and therefore the optimal DC voltage VDC_MPP can be 
estimated by (13).  

The imposed displacement, the three phases AC voltages, the 
DC voltage VDC and the power provided at the output of the 
bridge rectifier PDC obtained by employing the SDA MPPT 
technique are reported in Fig. 12(a). Moreover, a zoomed-in 
image of the voltages vge inside the red square in Fig. 12(a) is 
shown in Fig 12(b). The waveforms show that the proposed 
electronic interface dynamically adapts the DC voltage 
proportionally to the generator speed for tracking the MPP. The 
average extracted power is PDC-SDA = 7.3 W. 

The performance of the proposed SDA MPPT technique was 
compared with the conventional P&O MPPT algorithm. To 
ensure a fair comparison, the system in Fig. 5 was also 
implemented with a P&O algorithm providing the reference 
voltage for VDC. The values of the update time interval TP&O and 
the amplitude of the voltage perturbation ΔVDC_REF were 
determined by carrying out some preliminary experimental 
tests. The resulting best values of such parameters came out to 

 (a) 

 (b) 
Fig. 10. (a) Time waveforms measured at start-up of the SDA MPPT 
technique, under a constant ωge = 3300 rpm. (b) Time waveforms 
measured during the sweep of KV with ωge = 3300 rpm.  
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Fig. 11. Picture of the complete experimental set-up.  
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be TP&O = 0.05 s and ΔVDC_REF = 1.5 V. The signals recorded by 
employing the P&O MPPT technique under the above 
sinusoidal excitation are reported in Fig. 12(c), and the zoomed-
in image of the voltages vge inside the red square are shown in 
Fig. 12(d). The waveforms show that the P&O leads to a DC 
voltage that allows a lower extracted power, PDC-P&O = 4.9 W. 
Hence, the proposed SDA MPPT technique leads to a percent 
gain ΔP% = (PDC-SDA/PDC-P&O – 1)% equal to about 49 % with 
respect to the usual P&O technique. 

The results of a second set of experimental tests with a 
sinusoidal excitation with vibration frequency fx = 3 Hz and 
vibration amplitude Ax = 2 mm are also reported. The 
waveforms obtained by the SDA technique reported in Fig. 
13(a) confirm the ability to track the MPP; the average extracted 
power is PDC-SDA = 5.6 W. The waveforms obtained by the P&O 
are reported in Fig. 13(b) with an average extracted power PDC-

P&O = 3.7 W. The above results confirm that the proposed SDA 
technique leads to a better performance with a percent gain 
ΔP% equal to about 51 %.  

The proposed system was also tested with the harvester 
forced by a train suspension displacement x(t) equal to that 
recorded on a freight railcar running on an operational track [7]. 

In the lab tests, the vibration amplitude was reduced to one half 
resulting in a peak amplitude of x(t) equal to 3 mm and an RMS 
value equal to about 0.9 mm, as shown in Fig. 14(a). The FFT 
amplitude, reported in Fig. 15 for the signal x(t), shows that the 
main frequency content is localized around few hertz. The 
results of these tests are reported in Fig. 14 both for the SDA 
technique and for the P&O technique. The recorded signals 
show that the SDA technique is able to perform well even in 
presence of an actual on-field time-variable displacement and 
that, it is able to extract an average power much higher than the 
P&O technique, leading to a gain ΔP% = 57 %.  

It is worth noting that the results obtained here are coherent 
with those reported in [7], where the TSEH was tested with a 
recorded train suspension displacement having a peak value 
equal to 6 mm and with a resistive load. In fact, for a fair 
comparison, as the power is roughly proportional to the square 
of the displacement amplitude, the extracted power measured in 
[7] should be reduced to 25% due to the halved displacement 
amplitude. The resulting power should be further reduced to 
about 70% when substituting a resistive load with a loss-less 
rectifying load, as shown in [21]. Finally, it should be further 
reduced to around 70% for the converter losses. 

A summary of the results obtained in all the tests is reported 
in Table 2, in order to highlight the comparison between the 
power extracted with the proposed SDA technique and with the 
widely-used P&O technique. The results show that the 

TABLE 2. EXTRACTED POWER FOR DIFFERENT INPUT DISPLACEMENTS. 

Input Displacement 
Average 
PDC-SDA 

SDA MPPT 

Average 
PDC-P&O 

P&O MPPT 
ΔP% 

Sinusoidal (3mm – 2 Hz) 7.3 W 4.9 W 49 % 
Sinusoidal (2mm – 3 Hz) 5.6 W 3.7 W 51 % 

On-field 1.1 W 0.7 W 57 % 
 

 (a) 

 (b) 
Fig. 13. Time waveforms measured when the harvesting system is 
driven by a sinusoidal excitation 3Hz and 2mm. (a) SDA MPPT and 
(b) P&O MPPT. 

 (a) 

 (b) 

 (c) 

(d) 
Fig. 12. Time waveforms measured when the harvesting system is 
driven by a sinusoidal excitation 2Hz and 3mm. (a) SDA MPPT and 
(b) zoom of vge inside the red square in Fig. 12(a); (c) P&O MPPT and 
(d) zoom of vge inside the red square in Fig. 12(c). 
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proposed technique exhibits significantly better performance 
with respect to the state-of-the-art technique, both in case of 
sinusoidal displacement (3mm – 2 Hz and 2mm – 3 Hz) and in 
case of a real train suspension displacement.  

Note that the extracted power in case of sinusoidal 
displacements is larger than that measured in case of real 
displacement, because in the former cases the amplitudes are 
equal to 2mm and 3mm, while in the latter case the 
displacement peak value in the frequency spectrum (Fig. 15) is 
lower than 0.4 mm and the RMS value is about 0.9 mm. 

It is worth noting that, also in case of real displacements, the 
average power extracted from the TSEH loaded by the proposed 

electronic interface is high enough to power the wireless sensor 
networks for onboard monitoring of railway freight wagons 
[30].  

Finally, a comparison of the proposed TSEH equipped with 
the SDA MPPT technique with other vibration energy 
harvesting systems with MPPT published in the literature is 
reported in Table 3. It emerges that MPPT techniques for 
vibration energy harvesters are used in very heterogeneous 
applications that differ for the extracted power (from mW [24], 
[31]-[34], [36] to W [35] as in this paper), for the harvester type 
(resonant [24], [31]-[34] or non-resonant [35]-[36] as in this 
paper), for the transducer type (piezoelectric [31]-[34] or 
electromagnetic [24], [35]-[36] as in this paper) and for the 
characteristics of the source of vibrations. In the authors 
knowledge, the proposed one is the first implementation of a 
MPPT technique for a TSEH system, specifically designed and 
optimized for railway applications. 

VI. CONCLUSIONS  
The proposed power electronic interface equipped with the 

SDA MPPT technique is effective in maximizing the power 
extracted from train suspension energy harvesters, driven by 
rapidly varying vibrations. In these operating conditions that are 
typical in railway applications, the widely-used Perturb and 
Observe technique is not able to reach and follow the maximum 
power point due to its blind and step-by-step operation. By 
exploiting the measurement of the harvester generator speed, 
the SDA technique on the other hand is able to almost 
instantaneously predict the maximum power point. Moreover, 
the proposed technique does not require an accurate design of 
the algorithm parameters, as the Perturb and Observe technique, 
because it implements an adaptive control to deal with 
tolerances and time variability of the parameters of the 
controlled system. Experimental results confirm the theoretical 
predictions and the better performance of the SDA compared 
with the Perturb and Observe technique. Future research will be 
devoted to investigate and optimize the system performance 
when the energy is stored into a rechargeable battery or into a 
supercapacitor.  
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TABLE 3. COMPARISON OF VIBRATION ENERGY HARVESTING SYSTEMS EQUIPPED WITH MPPT. 
 [31] [32] [33] [34] [24] [35] [36] This Work 

Harvester 
Type Resonant Resonant Resonant Resonant Resonant Non-resonant Non-resonant Non-resonant 

Transducer 
Type Piezoelectric Piezoelectric Piezoelectric Piezoelectric Electromagnetic Electromagnetic Electromagnetic Electromagnetic 

Vibrations 
Shape Sinusoidal Sinusoidal Sinusoidal Sinusoidal Amplitude 

Modulated 
Amplitude 
Modulated Non-sinusoidal Non-sinusoidal 

Vibration 
Characteristics 

Acceleration 
0.5 g 

OC voltage 
25 V * 

OC voltage 
12V * 

OC voltage 
45 V * 

Acceleration 
0.5 g–2 g n/a Acceleration 

0.08 g RMS 
Displacement 
0.9 mm RMS 

Main 
frequency  47 Hz 50 Hz 18 Hz 53.8 Hz 150 Hz 110 Hz–170 Hz ≈ 1.5 Hz ≈ 2 Hz 

MPPT 
Technique P&O OCV OCV P&O P&O P&O OCV SDA 

Extracted 
Power 8.4 mW 19.5 mW 0.35 mW 13 mW 1.95 mW 7.96 W 0.225 mW On-field 1.1 W 

Sin 7.3 W 
* In the paper, vibration characteristics are defined through the Open Circuit (OC) voltage of the harvester. 
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