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The measured remanent magnetic field shows an amplitude of
~ 0.5mT, which indicates that a magnetic interference with the
environment is unlikely.

Concerning the modelling of this KERS operating with steel
MCS:

« the skin depth and, hence, a desired mesh size of the MCS is by

a factor of
- K]
Hrel, C4sE * KFE ~10
KAl

smaller than with an aluminium MCS and

o for an accurate FEM modelling of the system the effect of
remanent magnetism, as shown in Fig. 4b, has to be taken into
account as well.

It should be noted that the smaller skin depth leads to an increased
required number of mesh elements in the MCS. It ranges between
10 (refined only on the surface) and 10 (refined mesh all over the
wheel body), as the surface of the MCS and a sufficiently thick
layer under the surface are desirable to have a finer mesh.
Additionally, simulating remanent magnetism is currently either
not implementable with commercially available magnetic time-
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Fig. 4 Realisation and measurements

transient three-dimensional (3D) FEM simulation tools or it leads
to unreasonably high simulation times. As both of the above-
mentioned points lead to the unreasonably high computational
effort, an analytical model, which describes the electromechanical
power transfer based on geometric analysis, is described as
follows.

2.3 Analytical model for power transfer

For an infinitesimal intersection area (compare Fig. 3b), the build-
up force on the MCS shall be assumed to be in-line and
proportional to the speed difference of PM and the MCS

—f=keg (v —w), (3)

where v, and v, are the speeds of the PM and MCS with respect to a
stationary observer. The scaling parameter kg depends on the
geometry and positioning of the PM, as well as on material
parameters. The force that is built-up on the PM (while passing
over the MCS) can also be calculated from (3) as it is the reaction
force f, pointing in reverse direction. Forces generated at two PM
positions are illustrated in Fig. 3b. In position A, a force f is built-
up but does not contribute to the torque acting on the PMR, as it
points toward the rotational centre of the PMR. On the other hand,
in position B, the complete force acting on the PM accounts for
PMR torque generation. In both positions, the force acting on the
MCS generates a braking torque. According to Fig. 3, the overlap
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Cover

(a) Harvested torque T and input torque T, over a range of values of the EH rotational speed @,. Owing to a partial magnetisation of the steel wheel, i.e. the MCS, synchronous

operating modes are occurring, (b) Measured remanent magnetisation on the circumferential surface of the C45E steel wheel. The shown duration in time equates to one revolution of

the steel wheel, (¢) Disassembly of the proposed EH system, (d) Harvester system with outer dimensions. Wires on the right are for extracting the DC-output voltage/power
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Fig. 5 Hysteresis curves of steel C45E used for the wheel (compare [25]) at the excitation frequency of 1 Hz
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Fig. 6 Generator and measurements

(a) Picture of the optimised stator. The algorithm that is detailed in [13] has been
applied, (b) Generator with wound coils, (¢) Plot of measured cogging torque of the
PMR-MCS pair with three different air-gap widths and measured cogging torque of
the generator, (d) Reduction of start-up speed due to a cogging torque compensation
[13]

loy 1s a key operating parameter and has to be adjusted, such that
optimal performance can be achieved.

The effect of the circumferential surface of the conductive body,
which is, as can be seen from Fig. 3, just in front of the disc with
magnets is neglected in (3). Moreover, (3) does not model
magnetic remanence nor does it model the distribution of magnetic
fields and induced currents as it could be obtained by solving
Maxwell's equations. Nevertheless, as confirmed later in this work,
(3) can accurately model the optimal adjustment of the overlap I,
and the efficiency of the electromechanical power transfer 7pyg-

The velocity of all points on the surfaces of the PMR's PMs
(subscript 1) and on the MCS (subscript 2) can be expressed as

V= Cl)i)(ri, (4)

where r; are the vectors pointing from each centre of rotation to a
point of interest.

A force acting on a point can be calculated from (3). Similarly,
a torque can be obtained. By integrating the torque contributions
over the overlapping surface, the total torque on PMR and MCS,
respectively, can be calculated as
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Tiszrin. 5)

Furthermore, this calculation is conducted in a cylindrical
coordinate system as

Rin, o T+
Ti=f f r; X f-r dadr, 6)
Rm,i T-a

where the used symbols are in accordance with Fig. 3b.
The analytical expressions for the torque on the PMR

k
Ti= -2 - (3@ + )Ry o= Ry -7,
7
S By~ R @
—2; R o 72

and for the torque of the MCS

k
=% (3Rno—Ru)
<[00y + 253 + 4r,R,, » + 3Ry, — Aloy(r2 + Ry, )

8
FOR, o+ @+ )R] 7, ®

Ry o— Ry
2w, + 200y Lo = B = i }'2)
2(7’2 + Rm,o)(Rm.o - lov) + lcz)v

2Rm, o(rz + Rm,o - lov)

7, = Cosll (9a)

V2= \/lov(zrz - lov)(ZRm,o - ov)(z(rz + Rm,o) - lov)s (9b)

as functions of geometric parameters (the overlap /,, and rotational
speeds w, and w,) can be obtained by integrating (6) in the given
boundaries.

The power Ppygr, Which is transferred from the MCS to the
PMR, and mechanical power P,, which is supplied from an actuator
that spins the MCS (not shown in previous figures), can be
calculated as

Pppr =T, - ), (10a)
=T, -, (10b)

P,
pMR = —bh;jMR . (10c)

Similarly to scaling laws described in the literatures [9, 26, 27], the
scaling parameter kg of (3), (7) and (8) can be obtained by a single
measurement or FEM simulation. Nevertheless, the main focus of
the described model is on efficiency results and the influence of
overlap length I,, with regard to the maximum power point (MPP),
which are independent of k.

3 Self-start-up and generator design

Clearly, after kinetic energy is extracted/recovered from the MCS,
the mechanical power has to be converted into electric power using
a generator. To obtain a compact EH prototype (compare Figs. 4c
and d), a generator, which beneficially utilises the confined space is
designed. The generator is a brushless DC (BLDC) outrunner
machine with concentrated windings. The stator is depicted in
Figs. 6a and b.

When operating the proposed KERS with a ferromagnetic steel
wheel as MCS, it can be found that at the standstill, the PMs of the
PMR tend to align in an energetically optimal position with the
wheel. Accordingly, a cogging torque on the PMR occurs (compare
Fig. 6c). Thus, a self-start-up of the KERS can only be achieved
with relatively high MCS speed v,. To achieve a self-start-up at
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much lower MCS speeds, the cogging torque of the PMR is
compensated with a counter cogging torque introduced by an
optimised generator. Measured cogging torque curves of the
generator and the PMR for three different air-gap positions are
shown in Fig. 6¢. A stator optimisation algorithm for obtaining the
specially shaped counter cogging torque of the generator is
described in [13]. Finally, the compensation of the cogging torque
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Fig. 7 Rectifier and schematic representation

(a) PWM rectifier printed circuit board with three half bridges, the auxiliary power
supply and the digital control implemented on an ultra-low-power microcontroller
STM32L476, (b) Schematic representation of the EH system
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Fig. 8 Rectifier efficiency, current waveforms and test setup

results in a significantly improved start-up performance,
characterised in Fig. 6d with a reduction of the start-up speed from
v, = 20 to 5m/s for the nominal air-gap width g = 10 mm.

4 Design of power electronics

Besides the generator, the rectifier stage is also integrated into the
KERS. The compact arrangement of the active rectifier has a ring-
shaped form factor (compare Fig. 7a) that allows a mounting
between the generator and the mounting plate (compare Fig. 1b).
The pulse-width modulated (PWM) rectifier is implemented in a
six-switch two-level configuration as the schematic representation
in Fig. 7b shows. In the design process, special care was taken
about utilising low-power components for analogue measurement
processing and an ultra-low-power microcontroller STM32L.476 is
used for the digital control of the system. Furthermore, integrated
80 V gallium nitride half bridges TI LMG5200 are used for each
bridge leg, which further contributed to the feasibility of
integrating the rectifier in the EH unit. In total, no-load losses of
0.2 W were measured. These include:

» the auxiliary power supply losses and losses in a conversion
from Upc =24V down to voltage levels that are required for
signal electronics and the microcontroller;

e losses of all signal electronics, gate drives and analogue
measurement processing including a shunt-type output current
measurement; and

* losses in the microcontroller.

The efficiency of the active rectifier, measured for typical OPs
that occur during the EH operation, is shown in Fig. 8a. Efficiency
measurements (and all further presented electric-power
measurements) were conducted with a “YOKOGAWA WT3000’
precision power analyser.

The control of the generator was implemented in a sensorless
manner [28] with a BLDC control scheme, which is state-of-the-art
for PM synchronous machines in the 10 W power range.
Measurements of the resulting block-shaped currents are shown in
Fig. 8b for the nominal OP according to Table 2.

The control strategy for the DC-link voltage is implemented
with a proportional controller as

IBLDC, ref = Kp - (24 V = Upc, meas)» (11)

where igp pc. ref 18 the current reference for the BLDC current in the
generator and K, is the proportional gain.

Torque Sensor:
Input Power

Induction Machine KERS w. Axially Mag. PMs

Concrete Machine Bed ~ Moving Conductive Surface Positioning Stage

c

(a) Measured efficiency of the active rectifier, (b)) Measured block-shaped phase currents, (¢) Test setup used for measuring the performance of the EH system. An induction machine

is used to drive the test wheel (MCS) and a torque sensor is used for measuring a mechanical input power
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Fig. 9 Measurements on KERS efficiency and friction losses

(a) Overall efficiency versus DC-output power for the C45E steel MCS. Air gap was
set to ¢ = 10mm, (b) Friction and eddy-current losses (of the EH system) obtained by
a run-down measurement, (¢) Loss diagram for the nominal OP of the EH with the
steel wheel. P, , are losses in the steel wheel, i.e. the MCS, P,  are the losses in the
PMR's bearings, P e 4 cddy + prox are the losses in the PMR's iron (of the generator),
eddy-current losses and proximity losses. Py ., are generator copper losses and P iy
losses in the active rectifier including all signal electronics. Py, is the DC-output

power available on the system's clamps

5 Test setup and measurement results

Measurements of the system were conducted with the test setup as
shown in Fig. 8c. An induction machine with a commercial
variable speed machine drive is driving the MCS, which acts as a
mock-up of a train wheel. Owing to practical limitations, the wheel
has a diameter of D, = 450 mm, which is approximately half the
diameter of an actual train wheel. A mounting system on the
interface drive shaft and the wheel allows to change the wheel, and
hence testing the system with different MCS materials. A torque
sensor (type Burster 8661-5050-1210 with +10m Nm accuracy) on
the driving shaft allows measuring the mechanical input power.
The KERS is mounted on a positioning stage, which allows
adjustments of the air gap g and overlap /.

Fig. 9a shows output power measurements for different OPs (in
terms of the overlap and speed) when the DC output of the system
is gradually loaded with a resistive load. On the vertical axis, the
total (i.e. wheel-to-DC) efficiency 7, is depicted, where the input
power was measured with the torque sensor and the output power
with the power analyser. Owing to the previously described effect
of remanent magnetisation of the steel wheel, the measurement
points tend to spread slightly.
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For a detailed investigation of losses, the bearing friction losses
in the KERS (one SKF 608-2Z and one SKF 609-2Z deep groove
ball bearings are utilised to support the rotor) and the generator
iron and proximity losses were measured accumulatively in a run-
down test. Therefore, the system's moment of inertia (around its
rotational axis) is calculated at first. Afterwards, the machine/
generator/system is accelerated to a rated speed in an experiment
and its deceleration is recorded. One can subsequently calculate the
loss torque using the rotational form of Newton's second law. The
measurement results and a fitted model are given in Fig. 95.

In the following, the electromechanically extracted power is
calculated from the measured electrical quantities. Therefore,
copper losses and measured no-load losses of Fig. 9b were added
to the measured electric generator output power

Pygrs = Pa+ P+ Pc

12)
+Rgen : (IZA + 1123 + Ié) + Pnoloada

where Ppy10aa are the no-load losses according to the model of
Fig. 9b. It should be stated that the earlier presented results
depicted in Fig. 4a were obtained with the same method.

A distribution of losses for the nominal OP can be found in the
illustration of Fig. 9¢. Most losses occur in the MCS due to the
non-coaxial interaction with the PMs. Losses due to bearing
friction and iron losses are relevant as well, while copper losses
and losses in the power electronics are insignificant.

5.1 Overlap trade-off

Fig. 10a shows results, which illustrate a trade-off in choosing the
overlap length [,,. A higher overlap leads to increased coupling
between PMR and MCS, but also to higher losses. Therefore,
electromechanically extracted power and the respective efficiency
are plotted. Besides the measurement results, the results of the
analytical model derived in Section 2.3 [in specific (7), (8) and
(10)], are shown in Fig. 10a.

The PMR input power was calculated according to (12), such
that in Fig. 10a measurement results can be compared with results
that are predicted by the analytical model (of Section 2.3). For each
fixed value of the overlap length (I,,), a variety of OPs, in terms of
different load conditions, can be reached. Results for the MPP are
plotted in Fig. 10a. Analytical model and measurement results
agree very well for the efficiency plot in Fig. 10a. For the diagram
of extracted power in the lower plot of Fig. 10a, the power scaling
constant required for the analytical model is set to kg = 175Ns/m”.
A limitation of the analytical model can be found when the overlap
is smaller than the radial width of the PMs
loy < Ry o — R, i =18.5mm. The analytical model overestimates
the extracted power in this region. Nevertheless, it can be
concluded that the analytical model predicts the efficiency and the
optimal overlap well and/or provides a design guideline.

5.2 Influence of wheel speed, air gap and wheel material

Fig. 10b shows a decay of extracted power with an increase of the
air-gap width g. This is due to weaker magnetic coupling. It can be
seen that the proposed system can deliver the required power of 5
W in the air gap range of g = 8...12 mm.

Finally, Fig. 10c shows output power P, and efficiency
measurement results utilising an Ac-112 aluminium wheel and a
CA4SE steel wheel. The extracted power is ~3 times higher with the
aluminium wheel than with the steel wheel, which can be explained
qualitatively due to higher conductivity of aluminium. The
couplings’ efficiencies are in the same range of 7, ~ 15%, which
agrees with the model of Section 2.3 (Table 3).

6 Economy of the non-invasive KERS

In this section, the described energy generation system is evaluated
in terms of additional tractive effort for the locomotive and its
typical power consumption costs. Moreover, its overall (overhead-

99

Authorized licensed use limited to: ETH BIBLIOTHEK ZURICH. Downloaded on September 08,2020 at 13:15:34 UTC from |IEEE Xplore. Restrictions apply.



40 EREo T T T r r . .
& 35¢ SUx 4
< 30 ¢ TFIRR 1
[5) [ }\4 =
S 15t 00 0 lo s %~y ]
£ 10t O o Tmen ]
(5) L[| © Measured P M i i i ? ; ]
20 x PMR's PPMR’ Momr
-—- Model ! ] ! ] ]
15 F 4
= PRIEE et (e St SRt SE
B 10 et s ekl ]
s Fad x o [0 ° Q0o TEel
s 3
/ o iModel Limit

0 5 10 15 20 25 30 35 40 45 50
Overlap lenght /, (mm)
a

T

Meas. DC Output P,
20 - - PMR Extr. Pow. P,

|
15 | :
10 - |

PMR

P (W)

I
Operational limit
1 i 1 i 1 1 1 1
5 6 7 8 9 10 11 12 13 14 15
Air Gap g (mm)
b

30 T T T T T T T

251 1
20 1
15 F 1
10 / 7
5 - -
0 ; : ; -©- Aluminum
30 T T T T - Steel

251 1
20 | 1
15k o— © o——o 1
10 1
5 - .

out (W)

P

out

}7101 = P2 / P (%)

0 : | |
30 40 50 60 70 80 90 100 110
MCS Speed v, (km/h)
c

Fig. 10 Trade-off of operating parameters

(a) Efficiency and output power versus overlap with the steel wheel. The
measurements and the analytical models of (7), (8) and (10) are in good agreement.
For a small overlap, I, <R, ,— R, ;=18.5mm, the model and measurements
diverge as the lower integration boundary of (6) is only correct for a larger overlap, (b)
Influence of the air gap on energy extraction. Clearly, extracted power decreases
monotonously with increasing air gap, (¢) Influence of MCS surface speed (energy
recovery source) on the system operation. Extracted power increases with MCS speed,
whereas little influence on efficiency can be observed

line-to-low-voltage DC) efficiency is compared with a compressed-
air-to-electric-power generation system.

6.1 Additional tractive effort

According to Steimel [29], the tractive effort for pulling a typical
4-axle wagon with 88 ton mass at a constant travel speed of 80
km/h on a straight, flat track without tunnels sums up to a
mechanical power of Pyack 50 = 40kW. According to information
received from the railway sector, the average mechanical power
demand required to push/pull a freight wagon on a typical drive
cycle with slopes, curves and tunnels can be approximated as
Pirack, avg = 3 * Prrack, so = 120kW. Furthermore, it shall be assumed
that the PMR is always operating in the MPP with an electrical
power output of 7.8 W, leading to a mechanical power demand of
P, =66 W (compare Fig. 9c). Therefore, the relative additional
mechanical power demand in this scenario is

P _006%. (13)

P, track, avg

100

Table 3 Generator parameters

Parameter Variable Value
generator phase resistance Rgen 0.437Q
number of pole pairs Pgen 2

flux linkage ¥ 0.0156 Wb

6.2 Power consumption costs

Moreover, the energy costs of installing the non-invasive KERS on
a wagon, which is pulled/pushed by an electric locomotive (as, e.g.
in central Europe) shall be analysed. One can assume that a wagon
is running 100,000 km per year. According to Steimel [29], the
efficiency of a locomotive, powered electrically from an overhead
line, can be approximated as 7 o, = 83%. Following the statistical
data provided by [30], the electric energy price for a railway
company (averaged over Europe and at the overhead line) can be
assumed as pg = 10 €Cent/kWh. Therefore, the energy cost per
year for installing the KERS on a wagon is

100, 000 km/a 1
Ckers =

TROkm/h gy P P= 1€ (14)

6.3 Comparison to an air-to-power system

As above-mentioned in Section 1, a compressed-air-to-electric-
power system could theoretically also be considered for generating
auxiliary power on a freight wagon. Although such a system could
lead to an extensive certification process and/or to a redesign of the
compressed-air supply system, it should be considered briefly as
follows. It allows comparing the proposed KERS's efficiency to a
possible competitor system. A compressed-air-to-electric-power
demonstrator system, intended for a non-railway specific
application, is shown in [2] and its maximum efficiency was
reported as 7aippower = 24%. To compare this approach to the
proposed KERS regarding efficiency, total cycle efficiencies must
be computed and compared. A chain of all energy conversion
stages, starting from the locomotive's DC link over the compressor,
the pressurised air pipe system to the wagon has to be considered.
According to data available from the industrial sector [31, 32], a
typical reciprocating compressor's efficiency including the losses
of its electric motor can be assumed as #comp = 50%. Furthermore,
the efficiency of the compressor's power supply (from the
overhead-line-to-three-phase low-voltage AC) shall be assumed as
Naux, pow = 86% and the average efficiency of the brake pipe system,
providing the pressurised air shall be assumed as #pipe = 85%,
considering leakage losses and flow resistance in the pipe.
Therefore, total efficiency of the air-to-power system, from the
overhead-line-to-power supply on the wagon can be given as

Mair2power, HV to24V = Naux, pow * Tlcomp * Wpipe * Nair2power (15)
=86%-50% - 85% -24% = 8.8%.

In comparison, the cycle efficiency of the KERS on a freight train

can be given as

1KERS, HV 1024V = Lok * IPMR, ot = 83% * 12% = 10% . (16)

The obtained overhead-line-to-low-voltage-DC (on the wagon)
efficiencies show that both systems are comparable in terms of
energy demand and/or efficiency.

7 Conclusion

A new type of auxiliary power supply system, suitable for
supplying, e.g. an anti-lock braking unit on a freight wagon is
presented. The energy source is the motion of the wagon's wheel
(i.e. an MCS) and the extraction is conducted non-invasively with a
rotor comprising axially magnetised PMs (PMR), forming a KERS.
However, the application area is not limited to the railway sector as
energy can be extracted from any MCS with sufficient speed.
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The presented system allows electromechanical transfer of
kinetic energy from the MCS to the PMR in a contactless fashion
over a large air gap. Together with a generator and a highly
compact PWM rectifier stage, which are both integrated within the
KERS, a compact unit with a power density of 22 W/dm’
(360mW/in’) is formed, which is ~20 times higher than power
densities of EH systems reported in the literatures [4-6]. An
analytical model for estimating the coupling's efficiency and the
optimal overlap set point for extracting maximum power is derived
analytically and verified with measurements.

As shown in the experiment, the electric power of 7.8 W can be
delivered by the proposed KERS at an MCS speed of 80 km/h and
an air-gap width of 10 mm. The wheel-to-DC-output efficiency is
in the range of 12%. This is well justifiable, given the added
benefit of a power supply on a freight wagon and considering the
negligible additional power demand of 0.06%.
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