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ABSTRACT

To systematic study the factors which influence the braking torque in liquid-cooled eddy current retarder with a
structure of two salient poles, we analyze the related theory of electromagnetics and the formulas for the braking
torque of eddy current retarder (ECR) were deduced on the basis of the working principle of liquid-cooled ECR with
a structure of two salient poles. And the braking system model was built, the electrical conductivity and magnetic
permeability of materials, the excitation current and the rotor speed on retarder braking torgue have been studied
by JIMAG software. The theoretical and finite element analysis was verified and the general regularity of the
influence factors of braking torque in liquid-cooled ECR was obtained through the prototype test.

Key words. a structure of two salient poles, eddy currenardgr (ECR), liquid-cooled, braking torque,
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INTRODUCTION

With the rapid development of the automotive tedbgy more and more automotive capabilities havenbe
required, such as the power performance, safelipgicomfort and environmental protection. The ekhretarder
is a novel energy-saving, environmental friendlyikary device developed in recent years and & imajor part of
the vehicle braking system [1]. The liquid-coolefilg current retarder (ECR) with a structure of satient poles is
a kind of vehicle retarder, which has been gainddewattention. The working principle, structure and
electromagnetic field of the ECR have been studidtiis literature [2-3] which provides a theoratibasis for the
further research on retarder. When the retardeksydhe stator generates eddy current which haseffeéct, and it
has a great negative effect on the braking effécthe rotor. The selection of the appropriate statmterial
properties can reduce this impact [4-5].The literat[6-8] also mentioned that if the inner surfatghe rotor or
stator is plated by a plating layer of high condutgt copper block or embed a copper billet careefifvely improve
the performance of the retarder. Thus, the matpri@berties of the stator and the rotor have atgnflaence on the
braking performance. In addition, according tolthe of Faraday's electromagnetic induction, thatakon current
and speed are the main factors affecting the bgakirgue.

ELECTROMAGNETIC THEORY ANALYSIS

Fig.1 shows that when the liquid-cooled ECR witsteucture of two salient poles was operating, tregmetic

circuits are formed which includes the double saligoles rotor, air gap and the stator with anrimak cooled

channel. When the rotor rotates together with tiedshaft, a magnetic field is generated by thetation current.

The magnetic field of the rotor, inside the statemained constant. The inner surface of the sggoerated an
alternating magnetic field against each magnetie.dbalso generated eddy currents. The Joule\waatgenerated
and accompanied by the braking toque. The heattaken away from the retarder by a circulating kitjaoolant,

which was connected with the water tank of the eagi
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Fig. 1: Analysis model of ECRFig.2: Analysismodel of the FEM

A BRAKE POWER AND BRAKE TORQUE OF ECR

When the rotational speed of the rotor is low, dgitamagnetic induction intensity and static magnétduction
intensity are approximately equal. So the dynamagmetic problem can be transformed to static magpedblem
to be solved. The static magnetic induction intgrisigiven by the following formula:

— 3 ~ UourNI
Bo = Sa  24[(Rz+8+L)—(Rz+R1)/2] 1)

Whergy is the permeability of ajt, = 47 x 10~7H/m,u,is the relative permeability of statfyjs the sectional
area of statol, is the axial length of rotod, is the air-gap length.

The current density under the magnetic pole isrghwf, = oB,v, the braking power generated by eddy current in
unit volume of stator j§/2,then the braking power of stator is given by

P=dfp/Zdv 2)
Wherep = 1/a, p is resistivity,V is the distribution of the eddy current volume.

Combined the ECR which is shown in Fig.2 and theuenferential velocity of the rotor saliency R;w,, the
formula is given by

_ udurN212R3 20Uty | 2
P= w5 3)
576[(R3+8+L)—(Ry+R1)/2]? w

Wherew,,is the rotor angular velocity,, = 2mn/60;l is exciting current intensity.

The braking torque generated by one magnetic gajé/en by

M= = ugurN?1?R3 ,Zauourw _ ugurN?1?R3 ,mwuour (4)
- - 2 n — 2
“n 576[(Ry+s+L)- 2 RL)] @ 576[(Ry +6+1)- L3R 15Np

WhereN, is magnetic poles logarithmibly=12; n is rotational speed.

Some factors are not considered in actual workirggess of the ECR in formula (4), such as the miégfiex
leakage, magnetic saturation and temperature efiedhe material. But it can be solved by modifyitige
coefficient C [9], the actual effect on the rotoaking torque is

M =CM=C l‘g#erlzR:az‘ Tnololr (5)

2
576[(R3+6+L)——(R2:R1)] 1SNp

Where (5) is the braking torque generated by ongnetic pole, ignoring the interaction between maignaoles,
thus the total braking torque of the ECR is givgn b

2uyN2I%2R3 nao,
M. =2N.M' =C Holr 3 Holr (6)
0 P (Rg+RD1?+| 15N
576|(Ra+6+1)—2L] P
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From the formula (6) we can see that the brakingu®e of the ECR is not only related to the sizeapwaters of the
rotor, but also related to the electrical conduttiand permeability of stator. Excitation winditgrns and the
intensity of electric current and rotor speed dse ¢he main factors influencing the braking torque

FINITE ELEMENT ANALYSIS

Since the liquid-cooled ECR with a structure of tsadient poles has a symmetrical structure, aratation period,
in order to facilitate the analysis and calculatieffectively save computational resources andtshahe time of
calculation, a 1/24 model of the ECR was built..Fighows the analysis model of the FEM. The stataf rotor
material is steel 10, the excitation coil is coppeab.1 shows the main geometrical parameters efatialyzed
model.

In the process of analyzing of the braking torquettie ECR, the following assumptions were madégidring the
curvature and density of the displacement cur@®niyeglecting the hysteresis loss and stray loss.

In this paper, we used JSOL JMAG software whichetlgped in Japan to analyze electromagnetic modtie.
software is used in various electrical and magrfetlds to accurately analyze the electromagnetidaes. We also
use JMAG-Designer software model of the electroretignfield to analyze ECR. After setting materialisd

boundary conditions, meshing (Fig.3), solving optieonducting finite element solver and post-preices and
parameter extraction step, then we can get thetpiment retarder dimensional static magnetitd fieector

distribution (Fig.4).

Tablel parameters of the ECR

Parameters Values Parameters Values

ol° 30 Ry/mm 113
Ro/mm 153 Rs/mm 242
H/mm 71 g/mm 1
A/mm 21 Ry/mm 243

ol° 16 Rs/mm 272.5

In order to systematically research the influeraetdrs of baking performance, the relationship betwthe stator
and rotor material electrical conductivity, permiéiah the excitation current and the rotor rotaté speed and
braking torque were studied by numerical simulapanameter.

Fig. 3: Model of the ECR and mesh Fig.4: Magneticfield distribution of the ECR
A ELECTRICAL CONDUCTIVITY IMPACT ON BRAKING TORQUE

Since the retarder is a kind of auxiliary brakirgyide, which converts the kinetic energy of theoangbile into heat
energy, the long working of the retarder made th&os temperature rise sharply, the maximum tentpszas up to

600°C. It may result the stator’s conductivity decredsanula (7) is a resistor temperature relationship

WhereR is resistance when the temperaturd iR}, is resistance when the temperaturddsa is temperature
coefficient of resistance.

Fromp = 1/0, refer to the formula (7), we can obtain the ielahip between stator conductivity and temperature
o =0o/[1+ a(T —T)] (8)
Where g, is the conductivity of the material at the tim&pf

Fig.5 shows thec — T curve of Steel 10. The stator and rotor's matedat temperature will affect the
conductivity; the conductivity changes linearly viemperature. By transient simulation of the mazgtulation,
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we can get the curve when spaed 1000r/min, the excitation current of 30A condvity changes braking torque
relationship with the stator shown in Fig.6. Frdm Fig.6, when the conductivity is less thari® ( Sm™ ) ,the

braking torque is a substantially linear relatidpsivhen the conductivity is greater thaxl®® ( Ssm™ ) , since the

set of vortex skin effect, the skin depfbecomes smaller, so that the growth rate of thkitgaorque decreases
and gradually saturated. Conductivity continuesntmease, but the braking torque decreases. Howéhwemrotor
material conductivity has a little effect on retrdoraking torque. For an individual, the condutgivmainly
influenced by the temperature rise in the workingcpss, if not using the method of water-cooledingpit’s very
easy to cause stator conductivity decreases, whittie main reason causing the thermal recessieddy current
retarder.
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Fig. 5: Conductivity-temper ature curve Fig.6: Braking torque-conductivity curve

B PERMEABILITY IMPACT ON BRAKING TORQUE
By Curie-Weiss law, the relative permeability iglhitemperature can be given as follows:

Hr=1+C/(T=T) 9)

WhereC is Curie constari,is Curie temperature.

Magnetic induction BgH , u=uqu,. Therefore, under the certain magnetic field initgrid, B value depends on the
material permeability.. Choosing a material with highvalue can reduce the strength of the external etagfield
current, thereby reducing the volume of the excitatievice. From literature [10], we can conclubattusing the
same material and the different heat treatmenpy itslues are difference, the B-H curve of the materiso makes
the corresponding change. Fig.7 shows the B-H cuoi&teel 10 in different heat treatments.
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Fig. 7: B-H curve of Stedl 10in different heat treatment Fig.8: Braking torque- Relative per meability curve

As can be seen from Fig.8, the impact of the stai@gnetic permeability on the braking torque is gintious than
the electrical conductivity. And the conductivitgristant, magnetic permeability is increased, tlaibg torque is
reduced. Within a certain range, the braking torggdinear rapidly changing along with the rotor gnatic
permeability; magnetic permeability increasing, twaking torque changes tend to be gentle, illtistgathe
magnetic circuit has been saturation.

CEXCITATION CURRENT IMPACT ON BRAKING TORQUE

When the rotor speed n=1000r/min, through chandheg size of the excitation current to obtain theveu
relationship between excitation current and theaye air gap flux density and braking torque shawRig.9. As

can be seen from the Fig.9, when the excitatiomeotiris less thanl10A, it is an approximate linegationship

between the average air gap flux density and bgaldmue and the excitation current. When the akom current
continues to increasing, the variance of averaggap flux density and torque tends to flatten, cehmeans the
magnetic circuit is saturated.
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Fig. 9: Braking torque and Flux density at various current Fig.10: Braking torque and Flux densityat various speeds

D ROTATIONAL SPEED IMPACT ON BRAKING TORQUE

Through the analysis above, when the excitationectiincreased from 10A to 40A, its saturation degncreases,
but the braking torque increases slowly. By parametumerical simulation calculations, investigatihow the
rotational speeds impact on the braking torque @REn the two conditions of the excitation curréonth 10A and
40A, and drawing the curve of the braking torqud Hre average air gap flux density at various iomal speeds.
The braking torque and air gap flux density curie&ig.10 shows the value of the excitation curriemt10A or
40A. When the rotational speed was low(less tharf), the two kinds of braking torque and averaiggap flux
density are very close to. However, because ofettistence of eddy current, anti-MMFs are developét the
rotation rate of the rotor, so that the averagegap flux density is decreased. With the rotatiamded increasing,
the eddy current density would increase, thusntsMMFs also increased. Meanwhile, the differeméehe two
kinds of braking torque and average air gap flursity are increasing. It shows that the eddy cureei-MMFs
can weaken different saturation degree of air §apdensity with different degree.

EXPERIMENT

In order to verify the correctness of the theoryd asimulation analysis, a prototype of the mid-mednt
liquid-cooled ECR with a structure of two saliemtigs (Fig.11) was developed based on the previnal/sis. In
order to test the ECR performance, the test systambuilt and the braking torque characteristiceewaeasured
using the test bench which was shown in Fig.12fldve rate of the liquid was about 3L/s.

The test-bed was made of a 315kW, dc-motor, a geardind a speed regulating device. A torque indicatas
installed on the output shaft of the dc-motor. §kearbox was connected the dc-motor. The ECR waseoted by a
transmission shaft to the gearbox. The water teatpex of the pipe outlet was measured by a sefiest.data were
collected by a computer-centralized control systeirich was installed in the control cabinet (Fig.13he
excitation current was supplied by the batteryuigtothe control system.

e,

retarder
"
\

Fig. 11: Mid-mounted liquid-cooled ECR Fig.12: Test bench for the ECR Fig.13: Control cabinet

A REGULATING CHARACTERISTIC

The regulating characteristic of the retarder methesbraking torque with the variation of the eatidn current
when the retarder under a certain speed. Set thgommal speec=1000r/min, the retarder was conducted drag test
under different value of the excitation currentl aacorded the experiment data. Fig.14 shows thgadson curve

of the braking torque at various current by botrasueements and calculations. As can be seen frerfighre, the
test results and simulation results were similanstthe correctness of the theoretical analysis wesi§ied. The
errors might result from the simplified simulationodel, the armature reaction of the excitation @witl the
machining error of components and parts, etc.
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Fig. 14: Regulation characteristic curve Fig.15: Speed characteristic curve

B SPEED CHARACTERISTIC

The speed characteristic of the retarder meanisrtiéng torque with the variation of the rotatiospkeeds when the
retarder under a certain value of excitation curréig.15 shows the comparison curve of the brakorgue at
various speeds by both measurements and calcidatiban the value of excitation current for 40A. @loely, the
change trend of speed characteristic curve of itmelation was consistent with the experimental lsswvhich
further verified the correctness of the theoretigahlysis. The experimental values was slightlydowhan the
simulation results, the reason is the simplifieddeimf the liquid-cooled ECR with a structure obtaalient poles
without considered the magnetic flux leakage. Bueiality, there were the existence of magnetix liakage in the
retarder. In addition, in the process of the maoigimnd assembly of the retarder prototype, thecsire parameters
of the rotor salient poles and the additional aip gize were difficult to guarantee completely ¢steat with the
design values.

CONCLUSION

In this paper, formulas for the braking power ahd braking torque of the ECR were deduced on tlsés bt
introducing the working principle of liquid-coolddCR with a structure of two salient poles. The mfactors
affecting the performance of the retarder were yameal and calculated by using three-dimensionatefielement
methods. Finally, through testing a prototype @& thid-mounted liquid-cooled ECR with a structurawed salient
poles, we verified the correctness of the theaabtanalysis and simulation analysis. Besides, #% tesults
demonstrated that the liquid-cooled approach cefftettively overcome the serious problem of brakimgjue heat
recession when the traditional ECR continuous wayKki

Further study should consider the demagnetizafii@eteand magnetic saturation and so on to get rmocerate and
suitable calculation formula for the whole brakjprgcess of the braking torque, optimize the desfghe product.
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