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Abstract: The paper presents results of analysis of the influence of rotor construction on
the steady-state torque-speed characteristics of a high-speed eddy-current brake. The
investigation is carried out using two- and three-dimensional finite element models and
measurements. A series of computations is carried out in order to find out the method for
performance improvement of the considered system.
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1. Introduction

Utilizing a high-speed machine coupled with a driven device directly (without a gear-box)
makes possible to achieve higher efficiency and smaller size of the whole drive system while
avoiding problems and costs associated with maintaining the gear-box [1]-[6].

A steady-state torque-speed characteristic is one of the most important performance cha-
racteristics for every type of electrical machine. Obtaining such a characteristic for high-speed
machines is a very complex task, especially when a low-power machine operating at rotational
speed above 10000 rpm is considered. This is because there are no torque transducers on the
market available for such the applications. A solution of this problem might be utilizing
a customized eddy-current brake connected with tangential force transducers [7-11]. This
work investigates on such a system designed for the measurement of the low-power hysteresis
motor (see Fig. 1, Tab. 1).

In our previous work [12] we presented preliminary results regarding determination of its
basic performance. The principle of its operation relies upon measuring the tangential reaction
force that acts on the brake armature (equipped with the single-phase, two-pole winding fed
with direct current) using tensometric force transducers. The differential signals from the
transducers is amplified by the electronic unit in order to obtain the signal proportional to the
measured torque [12]. The rotor, made of solid steel, is attached to the motor shaft without
mechanical contact with the armature.

The goal of the current analysis is to determine the influence of rotor construction on the
steady-state torque-speed characteristics as well as seeking the methods for improving these
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characteristics. It is well-known that the performance of rotating electromechanical converters
equipped with solid-rotors, made of ferromagnetic material, might be improved by utilizing
simple modifications of the rotor construction such as use of axial slits or coating surface with
copper [4]. Influence of those modification on the performance of the solid-rotor induction
machines was extensively studied in literature [4, 13, 14]. Due to significant differences
between construction of a typical solid-rotor induction machine and the analyzed converter
(salient poles, concentrated windings, and much smaller ratio of the rotor length-to-diameter,
see Tab. 1) the results of those studies do not apply for the DC-current-fed brakes operating at
large slips. In order to investigate influence of the rotor construction on the torque-speed
characteristic properly it is necessary to carry out the analysis using a finite-element model.

a)

Fig. 1. Eddy-current brake coupled with motor on laboratory test-stand: a) CAD diagram, 1 and 5 — bot-

tom plate, 2 — calibration screw, 3 — rotary support of brake armature, 4 — armature support, 6 — sliding

support to decouple motor from brake, 7 — tensometric force transducers, 8 — auxiliary screws, 9 — brake

armature, 10 — field coils of brake, 11 — tested motor, 12 — one of two inertial wheels attached to shaft
on both sides of motor mounted in test-stand, b) physical model

2. Two-dimensional finite element model

Despite of significant increase in computers capacity and progress in computational
electromagnetism, computations of the eddy current problems in three-dimensional domain is
still a difficult and time-consuming task. This is why in eddy-current analysis it is always
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justified to carry out preliminary computations using a two-dimensional numerical model prior
to involving comprehensive, but costly three-dimensional approaches.

Table 1. Selected parameters of the designed and manufactured brake

Rated current Iy=10A
Pole-pairs p=2
Rotor outer diameter D, =56 mm
Rotor inner diameter D; =19 mm
Rotor length L.=11lmm
Rotor material mild steel conductivity at 20°C o=5.74 MS/m
Air-gap length d =2mm
Rated torque at speed 10 krpm Ty=0.14 N-m
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Fig. 2. Magnetization curves: a) stator, b) rotor

Modeling electromechanical converters equipped with solid rotors by use of two-dimen-
sional numerical models requires taking account for the rotor end-effects associated with
current density vector components that are perpendicular to the shaft [15-18]. In such a case it
is a common practice to replace in computations physical conductivity of the material with an
effective conductivity being the product between the real conductivity and the so-called end-
rotor factor obtained by means of either analytical or numerical methods [15-18]. It is sup-
posed that for the system considered here such an approximation will be too rough, although
the most geometrically justified and, so easily interpretable formula given by O’Kelly will be
used here [16]:

ke = , (M

to which we add the interpretation of 7 as length of the arc on the rotor surface for whose
chord is equal to the stator tooth width. Here, (1) gives value of 0.52. The electromagnetic
field distribution in the considered two-dimensional numerical model is governed by equation:
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dd.
dt ’

-V, = W — k.o @
where 4., Js, — are components of magnetic vector potential and excitation current density in
directions parallel to z — axis respectively, u— magnetic permeability. The magnetization cha-
racteristics of brake materials are shown plotted in Figure 2. These were measured using
a digital fluxmeter Lakeshore M480 and a PC-controlled current source. The analysis neglects
the impact of hysteresis phenomenon on the torque produced, which will be small due to
relatively narrow hysteresis loop of mild steel and small effective rotor volume related with
a very small penetration depth of rotor by the magnetic field.

Discretization of Equation (2) was carried out using first order triangular finite elements,
standard Galerkin procedure and the implicit Euler scheme for discretization in the domain of
time [19]. The rotor movement was modeled using the moving band technique [19]. Finite
element mesh and an example of magnetic field distribution computed using the elaborated
model are shown depicted in Figure 3.

a)

Fig. 3. Two-dimensional numerical model of the brake: a) finite element mesh,
b) example of magnetic field distribution at nominal conditions of operation
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Fig. 4. Comparison of results of computations carried out using two-dimensional
finite-element model with measurements carried out on the physical model
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Using the elaborated finite element model, the steady-state torque-speed characteristic was
computed for rated supply conditions and compared with the results of measurement carried
out on the physical model (see Fig. 4). From the analysis of results it can be seen that dis-
crepancy between results of computation and those measured on physical model is significant.
This is especially at low speed, which suggests that the influence of rotor-end effects is high,
as expected, but at the same time there is no guidelines available on how to estimate effective
conductivity in such a case. The results of this analysis show that two-dimensional model of
the considered system is too inaccurate to be applicable in design investigations.

3. Three-dimensional finite element model

For three-dimensional modeling the Flux-3d FEA package was used. The discretization
mesh of the three-dimensional model is shown in Figure 5 (due to symmetry in the field
distribution the computational domain was reduced by one- fourth). Using this model the
transient analysis with forced speed was carried out, and after reaching the steady-state the
torque-speed characteristic was determined and compared with the previous results from the
two-dimensional model and measurement (Fig. 6). As it can be seen using the three-
dimensional model delivers a much more accurate predictions in the entire range of rotational
speed, hence it is more justified to use this model in further analysis, although its execution
time compared to that of the two-dimensional one is like 43 to 1.

Fig. 5. Finite element mesh of brake for three-
dimensional model considering model symmetry
(senses of main fluxes are shown by arrows)

The analysis of influence of the rotor construction on steady-state torque-speed characte-
ristics of the investigated converter was carried out for the following scenarios:

1) Influence of the number of the rotor slits while keeping constant their dimensions.

2)Influence of the rotor slits depth while keeping their number constant.

3)Influence of thickness of the copper layer coated the rotor while keeping its outer diameter
constant.

4)Influence of the rotor length at rated speed.

For the solid-rotor induction machines the simplest and the most often used method for
improving the performance is to use axial slits on the rotor surface. These increase depth of
rotor penetration by the magnetic field making it possible to achieve the torque as twice high
in comparison with the machine equipped with a uniform (unslitted) rotor [4, 13]. The
influence of slits dimensions and their number on performance of the solid-rotor induction
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machines was studied in details in the literature [4, 13]. It has been observed that from the
point of view of the electromagnetic quantities the depth of the slits should be as high as
possible, whilst relationship involving their optimal number is complex and finding out one
should be done specifically for the machine considered.
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Fig. 6. Comparison of the results of steady-state torque-speed characteristic computation using three-
dimensional model with the results obtained by means of the two-dimensional model and measurement
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Fig. 7. Steady-state torque-speed characteristics for various slit depths (number of slits equal to 30)

For the brake investigated the results of analysis of influence of the rotor slits depth and
their number are shown plotted in Figures 7 and 8. From the analysis of those results the fol-
lowing conclusions can be drawn.

For the range of rotational speed considered it is observed that the torque decreases with
increase of the slits depth. This relationship differs significantly from that for the solid-rotor
induction motors where increase of the slits depth always results in increase of the average
torque. The main reason of this variation is that the DC current-fed brake operates in con-
ditions equivalent to unity slip at very high excitation frequency.
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Fig. 8. Steady-state torque-speed characteristics for various numbers of axial slits
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Fig. 9. Comparison of current density vector distributions induced in rotors at rated conditions of
operation: a) uniform rotor, b) slitted rotor with slits depth equal to 12 mm, c) rotor coated by 1 mm
thick copper layer, d) uniform rotor of length equal to 17 mm.

A very small penetration depth of rotor surface by the magnetic field (see Fig. 9a, b) does
not allow the current density to “fall” beyond the slit zone, and slitting results practically only
in reduction of rotor volume. To make the slitting effective, one would have to make the slits
thinner than one-fourth of millimeter and in a very large number. This is, however technically
complex and expensive.
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Fig. 10. Steady-state torque-speed characteristics for various thickness of copper coating

From the analysis of the influence of the number of slits it can be noticed that increase in
the number of slits results in decrease in the braking torque, but if the number of slits is greater
than 40 its value increases again, although for all slitted rotors investigated the braking torque
decreases in comparison to the uniform one.
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Fig. 11. Braking torque vs. thickness of copper coating at rated speed

The other method used for improving performance characteristics of the solid-rotor in-
duction motors is coating the rotor surface by a thin layer of highly conducting materials such
as copper, aluminum or brase [4]. In case of the solid-rotor induction machines this modifi-
cation makes possible to reduce losses due to higher harmonics of flux density in the air-gap
[4, 14]. From computations of eddy-current density shown depicted in Figure 9¢ and results
plotted in Figure 10 a very high complexity of phenomenon can be deduced. At rated speed
use of the copper coating, while keeping the air-gap length constant, allowed for rise of the
braking torque only for a very thin coatings being smaller than 1 mm. (see Fig. 11). The main
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reason of decrease in torque value, when the thickness of coating is thicker, is weakening of
the main flux by reaction flux developed in the rotor.
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Fig. 12. Braking torque vs. rotor length at rated speed for the uniform rotor

Except of the cases analyzed above, a very interesting issue was to analyze the influence of
the rotor length, while keeping all remaining dimensions constant. In physical model the rotor
length is equal to the stator stack length. The characteristic of the braking torque vs. rotor
length for rated speed is shown plotted in Figure 12. As it can be seen, increasing the rotor
length results in rise of the braking torque. This relationship is associated with increasing the
current density vector component parallel to the shaft and “moving” the rotor-end effect
beyond the stator stack length (see Fig. 9d). When the rotor length is longer than 16 mm, it can
be observed that the braking torque drops down due to rise of rotor equivalent impedance.

4. Conclusion

The purpose of this work was to analyze the influence of the rotor construction on the
steady-state torque-speed characteristics of the high-speed eddy-current brake. The analysis
carried out using the two- and three-dimensional time-stepping finite element model and com-
parison of computations with measurements carried out on the laboratory test-stand showed
inapplicability of a two-dimensional approach. The computations of the performance characte-
ristics for various modifications of the basic rotor design using the three-dimensional model
have shown that some relationships obtained already for solid-rotor induction motor do not
apply for the solid-rotor DC current-fed induction brakes. In particular it was shown that:

e The presence of the rotor surface axial slits results in decrease of the braking torque.

¢ Coating rotor with a very thin layer of copper contributes to rise of torque.

¢ In case of coated rotor it is beneficial to extending the rotor length beyond stator stack
length, but the optimal rotor length should be a subject of individual investigations.
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