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Optimization of AC-DC Converters for Regenerative
Train Suspensions

Luigi Costanzo ', Alessandro Lo Schiavo

Abstract—This article focuses on the dynamic optimization of
the operating conditions of two types of ac-dc converters, a diode
bridge rectifier and a full bridge active rectifier, which are used
for interfacing regenerative rail vehicle suspensions based on ac
electromagnetic generators. A theoretical analysis shows that, for
both types of converters, the optimal operating conditions, leading
to the maximization of the extracted power, can be predicted from
the measurement of the generator speed. In particular, as regards
the diode bridge rectifier, it is shown that the optimal value of the dc
side voltage is related to the generator speed. As regards the active
full-bridge rectifier, it is shown that a relationship exists between the
optimal converter duty cycle and the generator speed. Experimen-
tal results validate the proposed theoretical models both in case
of ideal constant generator speeds, and in case of more realistic
time-variable generator speeds. The proposed analysis enables the
design of high-performance speed-driven maximum power point
tracking techniques for regenerative vehicle suspensions.

Index Terms—AC-DC converter, maximum power point
tracking, power optimization, regenerative train suspension.

1. INTRODUCTION

N BOARD sensors used for continuous monitoring or
O tracking of freight railcars need energy supply for mea-
suring and for transmitting information. The lack of electricity
in freight cars can be overcome by resorting to the harvesting of
wasted energy [1]-[3]. In particular, regenerative suspensions
are aimed at the harvesting of the vibrations’ mechanical energy
otherwise dissipated in traditional railcar suspensions. Different
regenerative suspensions have been proposed in literature and
the great majority of them exploit an electromagnetic generator
to convert the mechanical energy into electrical energy [4].
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In energy harvesting applications, the most exploited ac—dc
converter, to rectify the ac voltages produced by the electrical
generators, is the diode bridge rectifier for its simplicity and low
losses [5]. As the extracted power at the rectifier output is a func-
tion of the value of the dc side voltage [6]—[8], an optimal value of
this voltage exists leading to the maximum power extraction, and
such a value changes when the input vibrations characteristics
vary with time. Since the maximization of the power extraction
is crucial for energy harvesting systems, dynamic adaptations
of the dc side voltage have been proposed to maximize the
power generation [9]-[12]. In [13], it was shown that in a
regenerative train suspension the value of the dc voltage at the
output of the diode bridge rectifier that maximizes the average
extracted power, is proportional to the generator speed. In [14],
by exploiting the abovementioned result, an electronic interface
based on the dynamic prediction of the maximum power point
(MPP) starting from the measurement of the generator speed
was designed.

This article extends the results in [13] and [14] by presenting
an improved model for the relationship between the optimal
value of the dc voltage of the diode bridge rectifier and the
generator speed, which takes into account the diode voltage
drops too, in order to increase the power extraction performance.
Moreover, the results in [13] and [14] are here extended to active
ac—dc converters by demonstrating that, also for such converters,
the maximum power point can be predicted starting from the
measurement of the generator speed. These converters allow
better power extraction performances with respect to passive
rectifiers due to their ability to manage not only the active power
but also the reactive one. However, they are also characterized
by more complex control techniques, which lead to higher
control losses with respect to passive rectifiers. Hence, active
ac—dc converters can become viable and very performing solu-
tions only when low power management techniques are applied
[15]-[17].

The rest of the article is organized as it follows. In Section II,
the attention is focused on passive diode bridge rectifiers and a
new speed-voltage model for the estimation of the optimal dc
side voltage on the basis of the generator speed measurement
is proposed. In Section III, the abovementioned considerations
are extended to the case of an active full bridge rectifier and, in
particular, it is shown that the optimal duty cycle of the full bridge
switches can be obtained once the generator speed is measured.
In Section IV, experimental results aimed at validating the
theoretical analysis are reported. Finally, Section V concludes
this article.
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Fig. 1. (a) Onboard installation of a regenerative railcar suspension.
(b) Schematic representation and block diagram.

II. PAassivE AC-DC CONVERTER

A regenerative train suspension is able to convert the other-
wise wasted mechanical energy of a train suspension into elec-
trical energy. Such energy is associated to the vertical vibration
of the wheel axle with respect to the bogie. In the considered
regenerative train suspension shown in Fig. 1, the up and down
displacement between the wheel axle and the bogie of the train is
converted by the rack and the pinion into a bidirectional rotation
and, then, into a unidirectional rotation by a mechanical motion
rectifier (MMR) gearbox [18]. The unidirectional rotating shaft,
whose speed is increased by a planetary gearhead, drives a
flywheel and a three-phase electromagnetic generator. This is
a three-phase brushless generator with Hall sensors by Maxon
Group (model EC-i 40, number 496652 [21]), whose main
mechanical and electrical characteristics are reported in Table 1.
The function of each mechanical component in the considered
regenerative train suspension and the details of its operation are
deeply investigated in [13], [14], and [18]-[20]. The power that
can be extracted from the considered MMR-based regenerative
suspension when applied to a freight railcar running on an
operational track for different train speeds has been numerically
and experimentally studied in [18].
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TABLE1
MAIN MECHANICAL AND ELECTRICAL CHARACTERISTICS OF CONSIDERED
REGENERATIVE TRAIN SUSPENSION

Symbol Parameter Value
] Generator Rotary inertia 30 kgrem?
B Generator Damping Coefficient 0.15 mNm/rpm
ke Generator Voltage Constant 0.0028 V/rpm
ny, Number of Generator Pair Poles 7
Rgen Generator Internal Resistance 0720
Lgen Generator Internal Inductance 0.57 mH
Fren Rated Power S50 W
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Fig.2. (a)Equivalent circuit of the regenerative railcar suspension mechanical
subsystem operating in both engagement mode (switch closed) and disengage-
ment mode (switch open). (b) Equivalent circuit of the regenerative railcar
suspension electrical subsystem.

i1(t)

Va

Fig. 3. Equivalent circuit of the regenerative train suspension electrical sub-
system loaded by a diode bridge rectifier.

The equivalent circuits of the mechanical and of the electrical
subsystems of the regenerative train suspension are reported in
Fig. 2. wgen is the speed of the generator shaft, wpinion is the
speed of the pinion shaft, nyevel is the bevel gears ratio, ngearhead
is the gearhead ratio, Tqrive is the external driving torque, B is
the rotary damping coefficient, .J is the rotary inertia, 7ger, is the
resistive torque induced by the electrical generator, e;, e>, and
e3 are the induced voltages in the generator three phases, iy, i,
and i3 are the currents flowing in such phases, v;, v2, and v are
the phase voltages across a wye connected load, R,.,, and L.,
respectively, are the resistance and inductance of the generator’s
phase coils, Z is a generic load. In Fig. 3, the generic load is
replaced by a diode bridge rectifier.
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A. Proportional Model for vpc_nrpp(wgen)

The value of the voltage vpc at the dc side of the diode bridge
rectifier that is able to extract the maximum average power from
the regenerative train suspension, was identified in [13] and [14].
Fora constant generator speed wyer,, the induced voltages, €1, €3,
and e3, are purely sinusoidal and, by neglecting the generator’s
phase coils inductance L 4.,, and the diodes voltage drops V;, the
average power at the output of the bridge rectifier can be written
as a function of vpc. In particular, as it is shown in details in the
Appendix, the instantaneous power can be approximated as

2
\/gkewgm cos (np - Wgen - t) - YDC — VP
2. Rgen

poc (t) = 1)
witht € [—7/(6 - np - wgen), T/(6 - np - Wgen)], ke the genera-
tor voltage constant, n, the number of generator pair poles, and
R .y, the resistance of the generator’s phase coils.

Equation (1) allows us to deduce the average power

-PDC s 3\/§ ) ke. *Wgen " UDC _ 1:"%)(j
27 Rgen 2i Ry

2

By differentiating (2) with respect to vpc and by equating
to zero the obtained expression, it is possible to calculate the
optimal value vpc mpp of vpe that maximizes Ppc

3v3
UDC_MPP = ——
2w

Equation (3) clearly highlights that the optimal dc-side volt-
age vpc_mpp iS proportional to the generator speed wyer.

The results of simulations performed in SPICE environment
of the regenerative suspension with the parameters in Table I,
are reported in Fig. 4. They show (point markers) the optimal
value vpc_mpp as a function of wge, for various values of the
ratio Lgen/Rgen and of the diodes’ voltage drops V. Such
results are compared with the analytical results for vpc mpp
obtained by (3) (dashed lines). The comparison shows that the
ratio Lgen/Rgen has a negligible impact on the value of the
optimal dc voltage whereas the effect of V3 on vpe mpp is not
negligible at all.

Thus, the proportional model given by (3) can be improved
by taking into account the effect of V.

ke * Wgen — MMPP * Wgen- 3)

B. Improved Model for vpc_npp(wgen)
If the diodes voltage drops V;; are not neglected, the instanta-
neous power can be written as
\/gke,wgen cos (np *Woen t) *UDC
2. Rgen

_ (UDC + ZVd) - UDC
2 Rge.n .

ppc (t) =

“

By averaging (4), it is possible to obtain the average power
delivered at the output of the diode bridge rectifier

P s 3\/§ - ke - Wgen - UDC (IJDC oE ZVd) " UDC
2.7 Ryen 2 Ryon

(&)
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Fig. 4. Numerical and analytical results of the optimal value vpc mpp as

a function of wy.r,, for various values of the ratio L;., /Rgen (obtained by
fixing Rger, = 0.72 £2 and by changing L g.,, accordingly) and of the diodes
voltage drops Vj.

Moreover, by differentiating (5) with respect to vpc and by
equating to zero the obtained expression, it is possible to find
the new value of vpc_mpp

32_\55 : ke. *Wgen — Vd = MpMPP " Wgen + gupp-
(6)

Expression (6) provides an estimation of the optimal voltage
at the dc-side of the diode bridge rectifier more accurate than
(3), as it is shown in Fig. (4) (continuous lines). Experimental
results reported in Section I'V validates this more accurate model
in presence of both constant and time-variable generator speeds.

The models in (3) or in (6) can be used to generate the
reference signal for a controller of the dc-side rectifier voltage
employed to maximize the power extraction. The reference
signal can be generated in an open loop, in a closed loop or
in a combined mode.

If the reference signal is generated in an open loop, i.e., by
using theoretical models only, the whole control system is very
fast, even if not very robust depending on system model and
parameters. Thus, performances are improved by using the more
accurate model in (6) instead of that in (3).

As an alternative to the open loop scheme, in order to cope
with tolerances and time variability of system parameters, the
reference signal can be generated by exploiting a feedback
loop of the extracted power. This is the approach of the “Hill
Climbing” techniques, which are typically employed in energy
harvesting applications. They try to find the peak of the hill (the
MPP) in a blind way, i.e., without any global information on the
system, just exploiting the local information on the extracted

UDC_MPP =
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power. Thus, such kind of algorithms must operate step-by-step
and take a time to reach the MPP. This can be not acceptable
in applications with quickly time-varying MPPs, as it happens
in regenerative suspensions due to the time variability of train
suspension vibrations.

A further alternative to previous schemes, aimed at a fast
and a robust response, is based on the combined action of a
feedforward (open loop) prediction based on theoretical models
and a feedback (closed) loop of the extracted power. The ad-
dition of a feedforward prediction to a feedback loop allows a
significant increase of the dynamical performances of the whole
system, with a dramatic reduction of the response time. The
performance of a combined action of a feedforward prediction
[based on the theoretical model (3)] and of an adaptive feedback
loop was compared in [14] to that of a feedback loop based
only on the widely used Perturb and Observe technique. It was
experimentally demonstrated the advantage of the combined
approach in regenerative suspension applications [14]. As well
known, in the combined mode, the higher the accuracy of the
model, the better the performance of the system. Thus, the more
accurate model (6) allows a performance enhancement with
respect to model (3).

II. Active AC-DC CONVERTER

In Section II, it has been shown that it is possible to identify
the optimal voltage at the dc side of a diode bridge rectifier
starting from the measurement of the generator speed. In this
section, such result is extended to the case of an active full bridge
rectifier, and it is shown how the optimal voltage at the ac side of
an active full bridge connected to a regenerative train suspension
is related to the generator speed.

Let us consider the equivalent circuit of the electrical sub-
system of the regenerative train suspension loaded by a generic
load impedance Z, as shown in Fig. 2(b). If the generator speed
wgen 18 a constant, the induced voltages are purely sinusoidal
with angular frequency ny - wgen (see (A.1) in the Appendix)
and the internal impedance is Rgen + J - 1p - Wgen - Lgen for
every generator phase. Hence, the optimal wye connected load
impedance, satisfying the maximum power transfer theorem, is
the complex conjugate of the internal impedance

ZopT = Rgen ik Tip - Wgen * Lgen- (7

When the generators phases are connected to the wye optimal
load given by (7), the optimal line voltages on the load can be
written as

. 2m (i — 1
v;_opt (t) = Voprsin (’np Wgent + dopT — %)
(8
where
ke - Woen
Vorr = 5 2\ [Rhen 41 i Len  ©)
. -L
dopT = atan (_ W) . (10)
‘gen

The results of simulations performed in SPICE environment
for a constant generator speed, wger, = 1800 rpm, and a wye
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a-]Jn-e [D]

Fig. 5. Results of simulations performed in SPICE environment. (a) Surface
of the average extracted power Py, from the considered regenerative train
suspension as a function of the amplitude Vi, and of the phase &};y,. of the load
voltage in presence of a constant generator speed. (b) Corresponding contour
plot.

three-phase load voltage, with amplitude Vjine and phase djine

vy (t) = Viinesin (npwgent + Otine — M) an
are reported in Fig. 5. In Fig. 5(a), the surface of the average
extracted power Py from the considered regenerative train
suspension is reported as a function of the amplitude Vjjne and
the phase djine Of the wye connected three-phase load voltages.
In Fig. 5(b), the corresponding contour plot is reported. Such
results show that there exists a single maximum power point
that is equal to the one predicted by (9) and (10) [interception
of red dashed lines in Fig. 5(b)].

Let us now consider the equivalent circuit of the electrical
subsystem of the regenerative train suspension loaded by an
active full bridge rectifier, as shown in Fig. 6(a). In an active
full bridge rectifier, the desired amplitude and phase of the
fundamental component of the voltage at its input terminals can
be imposed by properly controlling its switches. The unipolar
six-step pulsewidth modulation (PWM) driving technique is
here considered, because it is one of the most widely used for
brushless motors [22]-[24]. However, other modulation tech-
niques, like the Sinusoidal PWM, can be used to synthesize a
more perfect sinusoidal waveform at the input of the active full
bridge rectifier. According to the unipolar six-step PWM driving
technique, the switches of the full bridge converter are driven
step-by-step, by dividing the electrical cycle 2m/(np - wgen)
into six commutation steps. For each step, one of the generator
windings is switched between the dc side voltage Viagtery and
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Fig. 6. (a) Equivalent circuit of the regenerative train suspension electrical

subsystem loaded by a full bridge rectifier. (b) Example of a switching pattern
of the six-step PWM driving technique. Continuous lines represent switches
control signals and dashed lines represent duty cycles according to Table II.
(c) Optimal duty cycle and phase versus generator speed.

the ground with a duty cycle D, a second winding is connected
to ground and a third winding is left open. The successive steps
are executed in the same way except that the switched generator
phase winding changes to generate a rotating stator field.

Here, the third winding is switched with a duty cycle 0.5 D,
in order to avoid that it remains open, leading to an undefined
value for its phase voltage, as shown in Table II and in Fig. 6(b).
For this driving technique, it results

mine _ VbatteryD i Pi— ﬁ vrline )

12
\/§ Vbat tery ( )

Expression (12) can be used to identify the value of the duty
cycle D that ensures a desired amplitude Vjipe of the fundamental
component of the voltage at the full bridge input terminals.

2393

TABLEII
SIX-STEP DRIVING TECHNIQUE

ISTEP  1ISTEP  IIISTEP  IVSTEP  VSTEP  VISTEP
SWU-1 D Dm 0 0 D D
SWD-1 1-D 1-Dm 1 1l 1-Dmm 1-D
SWu-2 Dm D D Dm 0 0
SWD-2 1-Dm 1D 1-D 1-Du 1 1
SWu-3 0 0 D D D D
SWD-3 1 1 1-Dum 1-D 1-D 1-Dm

D means that the switch is controlled with a duty cycle D; D,;, means that the
switch is controlled with a duty cycle 0.5-D; 0 means that the switch is controlled
with a duty cycle 0: 1 means that the switch is controlled with a duty cycle 1.

'
O
o

-180 . : , .
0 0.2 0.4 0.6 0.8 1
D
(b
Fig. 7. Results of simulations performed in SPICE environment. (a) Surface
of the average extracted power Prp from the considered regenerative train
suspension as a function of the amplitude D and of the phase & of the duty

cycle of the full-bridge rectifier in presence of a constant generator speed.
(b) Corresponding contour plot.

By exploiting (9), (10), and (12), the optimal duty cycle Dy;pp
and phase dypp can be identified for the full-bridge rectifier as

\/§ i VOPT

Vbattery

V3 ke wgen
- Vbattery ‘ 2. Rgen \/RSBn = n% - wSen . ngn
(13.1)

Dyipp =

M) ) (13.2)

Rgen

The results of simulations performed in SPICE environment
are reported in Fig. 7. In particular, in Fig. 7(a), the surface of the
average extracted power Ppp from the considered regenerative
train suspension is reported as a function of the duty cycle D and
the phase 4, for a constant generator speed (wgen=1800 rpm).

dmpp = dopT = atan (—
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In Fig. 7(b), the corresponding contour plot is reported. Such
results show that there exists a single maximum power point
that is equal to the one predicted by (13) [interception of red
dashed lines in Fig. 7(b)].

The abovementioned analysis shows that, not only in case
of a passive rectifier but also in the case of an active rectifier,
it is possible to identify, on the basis of the speed measure-
ment, the optimal operating conditions leading to the maximum
power extraction from a regenerative vehicle suspension. It is
worth noting that, also in case of an active rectifier, in order to
handle the tolerances and time variability of the parameters of
the controlled system, a feedback control can be implemented.
However, the presence of a feedforward prediction, based on
the proposed analysis, can significantly increase the dynamic
performance of the whole control system.

In order to simplify the implementation in microcontroller,
the converter duty cycle, given by (13), can be approximated as
a function of the measured generator speed as

D =K 2" [1 + aK}uwlen (14.1)
Vbatt—ery
6= _KZW_qen [] . )BKZ‘-‘Jgen] (14.2)

where o = 0.35, 5 = 0.23. Starting from (13) it is possible to
identify the optimal values of K; and K5 in (14) as

ke Ny - Lgen
—= K; ypp = I gen:
2 N Rgen

In order to validate the approximation, the exact expression
(13) and the approximated expression (14) for the optimal duty
cycle and phase are reported in Fig. 6(c).

Ky mpp =V3- (15)

IV. EXPERIMENTAL RESULTS

In this section, experimental results aimed at validating the
theoretical analysis presented in the previous sections are shown.
In order to carry out laboratory tests, the mechanical part of
the regenerative train suspension was emulated by using a dc
motor (BLDC58-35L) equipped with a closed-loop speed con-
troller driving the same three-phase generator (Maxon EC-i 40
496652) employed in the actual regenerative train suspension.
This setup, as shown in Fig. 8, reproduces the same wgen (1)
VErsus |wpinion(t)| relation of the considered regenerative train
suspension [13].

A. Passive AC-DC Converter — Constant Speed

The first set of experimental tests was carried out in order to
validate the theoretical analysis provided in Section II, describ-
ing the link between the optimal dc side voltage of a diode bridge
rectifier and the generator speed. To this aim, the electromagnetic
generator of the considered regenerative train suspension was
connected to a three-phase diode bridge rectifier implemented
by means of Schottky diodes IN5817. The diode bridge rectifier
was connected to a dc—dc boost converter in order to properly
regulate the dc side voltage vp . A schematic representation of
the implemented system is shown in Fig. 9.

In particular, the dc—dc synchronous boost converter was
implemented by a Cpc = 100 pF, an Lpgest = 100 mH and
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Fig. 8. Experimental setup.

Wgen(t) Three-phase _] Lboost
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generator

CD vbaner_v

AAA

Fig.9. Schematic representation of the implemented passive ac—dc converter.

the active inverter leg in the L6205 integrated circuit by STMi-
croelectronics [25]. The switching frequency was set at f; =
30 kHz and the battery voltage at Viagtery = 12 V. The gen-
erator speed was measured by means of the hall sensors inte-
grated in the considered electromagnetic generator. Moreover,
an STM32F401RE microcontroller by STMicroelectronics was
used in order to implement the vpc(t) versus wgen () models
described in Section II.

First, constant generator speeds were considered. For each
generator speed, the Ppc versus vpe characteristic was mea-
sured. The obtained measured points and their interpolations
are reported in Fig. 10(a).

Fig. 10(b) shows the measured optimal voltages
vpc_MpP(Wgen) maximizing the dc power (black curve)
and the lines obtained on the basis of the two models shown in
Section II. In particular, the red curve refers to the “proportional
model” with mypp = 3v/3/(27) - ke = 2.3mV/rpm  and
the green curve refers to the “improved model” with
MMPP = 2.3mV/rpm and qupp = —Vig=-03V. It is
possible to observe that even if the “proportional model” is able
to identify the optimal voltages with a good approximation, as
shown in [13] and [14], the “improved model” is surely a better
way for identifying the optimal voltages. This is also confirmed
by observing Fig 10(c), where the maximum power points
obtained by the two proposed models are placed on the Ppc
versus vpc curves. It is confirmed that the improved model is
able to lead to better power performance.

It is worth noting that, due to the efficiency of the dc—dc stage,
the optimal operating point maximizing Ppc can be different
from the optimal operating point maximizing the power injected
into the battery Phagtery. In order to maximize Phagtery, an
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Fig. 10. (a) Ppc versus vpc characteristics (measured points and their
interpolations) for different wy.,,. (b) Ypc_mpp versus wy., measured point
and lines obtained with the two considered models. (¢) Maximum power points of
Fig. 10(b) are placed on the Ppc versus vpc interpolated curves. (d) Phattery
versus vpc characteristics and their maximum power points (black points) for
different wgen.

analytical or experimental model of the dc—dc converter can be
included in the feedforward controller or an adaptive control
loop can be added, as shown in [14]. In the last case, the
proposed Ppc versus vpe model can be a very accurate starting
point for the adaptive control. Alternatively, it is possible to
experimentally characterize the link between Pyattery and vpc,
as it is shown in Fig. 10(d), because also in the case of the
battery power maximization, a real-time direct estimation of
the maximum power point can be obtained by exploiting the
measurement of the generator speed.
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Fig. 11. (a) Oscilloscope screenshot showing the imposed half sinusoidal
|Wpinion(t)| (blue curve) and the line-to-line generator open circuit voltage
whose amplitude is proportional to wgen (t) (red curve). (b) Ppc versus m
characteristics (measured points and their interpolations) for different values of
gand forwgen, nax equal to about 3300 rpm. (c) Ppc versus m characteristics
for wgen_max equal to about 1300 rpm.

B. Passive AC-DC Converter — Time-Varying Speed

The second set of experimental tests was carried out to show
the performance of the proposed vbc mpp (Wgen) model when
the input generator speed is not constant. To this end, the regen-
erative train suspension was excited by imposing a sinusoidal
train suspension vibration leading to a half sinusoidal rectified
speed of the pinion shaft |wpinion(t)|. Such a rectified pinion
speed leads to a time-varying generator speed wyen () accord-
ing to the engagement/disengagement operation of the MMR
described in [13] and [18]. The oscilloscope screenshot reported
in Fig. 11(a) shows the trends of the imposed half sinusoidal
|wpinion(t)| (blue curve) and of the line-to-line open circuit
voltage of the electromagnetic generator, whose amplitude is
proportional to wgen(t) (red curve). The resulting time-varying
Wgen (t) is characterized by a frequency equal to 1 Hz and a
peak value wgen_nvax equal to about 3300 rpm. Fig. 11(b) shows
that, in such operating conditions, the extracted power depends
on the value of both m and g. In particular, among all the
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Fig. 12.  Schematic representation of the implemented active ac—dc stage.

considered couples (m, g), the maximum extracted power (peak
of the red curve) is obtained in correspondence of the couple
(m = 2.3mV /rpm, g = —0.25V) that is very close to the cou-
ple predicted by the improved model ( mypp = 3v/3/(27) -
ke =2.3mV /rpm and gypp = —Vg = —0.3V).

The considered system was excited also with a half sinusoidal
rectified pinion speed |wpinion (t)| leading to a time-varying gen-
erator speed wgen (), with a peak value wgen_wmax equal to about
1300 rpm. The results of these tests are reported in Fig. 11(c)
and also in this case show the goodness of the improved model.

Summarizing, expression (6) provides an estimation more
accurate than (3) for the optimal voltage at the dc side of a
diode bridge rectifier both in case of a constant generator speed
and in case of a time-variable generator speed.

C. Active AC-DC Converter — Constant Speed

Experimental tests were carried out also to validate the theo-
retical analysis provided in Section III, describing the link be-
tween the optimal duty cycle of an active full bridge rectifier and
the generator speed. To this aim, the electromagnetic generator
of the regenerative train suspension was loaded by a three-phase
active full bridge rectifier. A schematic representation of the
implemented system is shown in Fig. 12.

In particular, the active ac—dc converter was implemented by
means of three active rectifier legs in the L6205 DMOS dual
full bridge driver integrated circuit by STMicroelectronics [25].
The switching frequency was set at f. = 30 kH and the battery
voltage at Vpattery = 12 V. The generator speed was measured
by means of the hall sensors integrated in the considered electro-
magnetic generator and the STM32F401RE microcontroller by
STMicroelectronics was used in order to implement the unipolar
six-step driving PWM modulation and the d(t) versus wgen
model given by (14) and (15).

Also in this case, first constant generator speeds were consid-
ered. For each value of the generator speed the average power
injected into the battery Pyastery Was measured as a function of
the duty cycle D and of the phase §. In Fig. 13(a), the surface
of Prattery(D,d) is reported in case of wgen = 1800 rpm.
Moreover, in Fig. 13(b), the corresponding contour plot and the
optimal amplitude and phase of the duty cycle (interception of
red dashed lines), predicted by (13) are reported. Furthermore,
in order to simplify the implementation in microcontroller, the
converter duty cycle was calculated by means of (14), as a
function of K; and K. The average power injected into the
battery Phattery Was measured as a function of K; and K5 and
is reported in Fig. 14.
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Fig. 13. Experimental results. (a) Surface of the average extracted power
Pyattery from the considered regenerative train suspension measured in case of
Wgen = 1800 rpm, as a function of the amplitude D and of the phase § of the
duty cycle of the full-bridge rectifier. (b) Corresponding contour plot.
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Fig. 14. Experimental results. (a) Surface of the average extracted power
Phattery from the considered regenerative train suspension measured in case
of wgen = 1800 rpm, as a function of K and K. (b) Corresponding contour
plot.
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Fig. 15. Experimental results. (a) Surface of the average extracted power
PByattery from the considered regenerative train suspension, as a function of
K and K, measured in case that wgen (t) has a half sinusoidal shape with
Wgen_MAX = 1800 rpm. (b) Corresponding contour plot.

Figs. 13 and 14 confirm that the system is characterized by
a single maximum power point for which a good first order
approximation can be provided by expressions (13) and (15),
respectively. The discrepancies in the identification of the maxi-
mum power points, which are mainly due to the switches’ losses
neglected in the proposed analysis, can be reduced by an adaptive
control loop.

D. Active AC-DC Converter — Time-Varying Speed

The second set of experimental tests with the active ac—dc
converter was carried out to show the system behavior when the
input generator speed is not a constant. The regenerative train
suspension loaded by the full-bridge rectifier was excited with
a half sinusoidal rectified speed of the pinion shaft |wpinion ()|
with frequency 1 Hz, like the one shown in Fig. 11(a), cor-
responding to a sinusoidal train suspension vibration. Such a
pinion speed leads to a time-varying generator speed wgen (1),
with a peak value wgen,_max equal to about 1800 rpm [13],
[18]. The average power injected into the battery Phattery Was
measured as a function of Ky and K and is reported in Fig. 15.

Such results show that also in the case of an active full-bridge
rectifier, itis possible to identify the optimal operating conditions
leading to the maximum power extraction from a regenerative
train suspension, on the basis of the measurement of the gener-
ator speed wyen (t).

V. CONCLUSION

This article dealt with ac—dc converters for regenerative train
suspensions. For the first considered ac—dc converter, a diode
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Fig. 16.  Typical trends of the ac phase voltages, of the ac phase currents and
of the dc current as obtained by a SPICE simulation.

bridge rectifier, it has been theoretically and experimentally
shown that the optimal value of the dc side voltage can be pre-
dicted starting from the measurement of the generator speed. A
speed-voltage model has been proposed that is very accurate not
only in case of ideal constant generator speeds, but also in case
of more realistic time-variable generator speeds. The second
considered ac—dc converter is an active full-bridge rectifier. It
has been theoretically and experimentally shown that, also in this
case, a relationship exists between the optimal converter duty
cycle and the generator speed. The models proposed in this arti-
cle can be effectively exploited for designing high-performance
maximum power point tracking techniques for ac—dc rectifiers
in regenerative train suspensions applications.

APPENDIX

When the generator speed wyey, is a constant, the induced
voltages, e;, e, and e3, are purely sinusoidal and can be written

as
3 2w (2
ei (t) = ke - wgen - sin (np-wggn -t — (3 )) (A.1)
where 2 = 1, 2, 3 is the number of the generator’s phase.

By neglecting the generator’s phase coils inductance Lgen
and the diodes voltage drops Vj, the current in the dc side is a
periodic waveform, with a period Tpc = 7/(3 - 72p - Wgen)-

In particular, according to the circuit schematic shown in
Fig. 3, for t around zero only phases 2 and 3 conduct current, be-
cause e; is not high enough to switch on the diodes connected to
the phase 1, as it is shown in Fig. 16. Hence, fort € [—Tq, Tal,
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the dc side current can be written as

€3 — €3

—UpnC _ \@kgwgen cos (npwgent) — VDO

ipc—o (t) =

D55 Rge’n 2 R_qen

(A2)

The abovementioned condition holds until, at t =T, . €
becomes equal to the positive potential of vpc and, thus, it is
high enough to switch on the upper diode connected to phase 1.
Thus, at t = T}, it holds the equation

€] (Tct) = €3 (Ta) E T Rgen -1DC—0 (Tct)

which can be exploited to predict the value of T, starting from
(A.1)and (A.2)

(A3)

Ikewgen

To= (A4)

NpWgen
For t € [Ty, Tpc/2], all the three generator phases conduct
and, by applying the superposition principle, the dc side current
can be written as
€z 2 vDe
Rgen 3 Rgen

ipc-r(t) = —

—kewgen sin (npwggnt — ZTTF) 2upc
= - 24 (ALS)
Rgen 3Rgen

Similarly, also for t € [-Tpc/2, —T4], the dc side current is

- 2w
kewgen sin (npwgm -t 4+ T) _ 2upc

inc-L () = . (A.6)
( ) Rge’n 3Rgen
Therefore, the instantaneous extracted power can be written
as
Upc - iDC-L (t) Vt e [—%, —Ta]
PpC (t) = UDC - tho—0 (t) Vit e [—Ta, Ta] (A.7)

UpC * IDC-R (t) Vt e [Ta, I%Q]

By averaging (A.7), the mean extracted power Ppc can be

obtained
Ppc =Ppco + Poc- + Poc-r (A.8)
where
Poco = Upc T}a ﬁkewggﬂ cos (npwgen - t) -
TDC —Ta 2. Rgen
I T _vhe
” dt (A.9)
TDC —"]'r"ﬂ, 2. R_qen
and
1 Ta 202
Ppc_, = Ppc_p=— DC 4
DC-L DC-R Tog _I'g.c Ryen
vpc Ta Kewgensin (npwgeﬂt + ZT’T)
+ dt.
TDC _% Rgen
(A.10)

Authorized licensed use limited to: to IEEExplore provided by University Libraries | Virginia Tech. Downloaded on August 06,2022 at 18:28:22 UTC from IEEE Xplore. Restrictions apply.

IEEE TRANSACTIONS ON INDUSTRY APPLICATIONS, VOL. 58, NO. 2, MARCH/APRIL 2022

By solving (A.9), it results

UpcC \/§ke y Tz 1"%)C
Bl e gy =0 UpeT
LR TDC Rgennp s (npwge'n Q) TDC Rgen
(A.11)
By solving (A.10), it results
TDC — ZTQ 1‘..!'2
Ppner = Ppeop = — 1 b, 9
DC-L DC-R TDC 3Rgen

vpc ke

— oS | NpWgenl
pwgenda
1 DC '-'Epji'gen (

_ 2
7 )
(A.12)
Hence, (A.8) can be written as

Ta —= 2TDC] UpC ke COSs (npwngq)

Tbe

P, . 1:‘T%)C
DC — 3TDO

Rgen npRgen.
(A.13)
In order to find the optimal value vpe mpp Of vpe that
maximizes Ppc, (A.13) should be differentiated with respect
to vpc and the result should be equated to zero. Unfortunately,
a closed form expression of vpc_ypp cannot be obtained, due
to the presence of the asin(-) function in (A.4). However, a
first order approximation of the expression of vpc_mpp can be
obtained in closed form for T, — Tpc/2, leading to a small
error in practical applications, as it was shown in [14]. ForT,, —
Tbc/2, according to (A.7), the instantaneous power ppc(t) —
vpc - ipc_o(t) for t € [-Tpc/2, Tpc/2] and, hence, can be
written as in (1).
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