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Summary

By eliminating the mechanical friction brake, theawr parts in the power train are eliminated, which
reduces costs, maintenance and also enables samingsight and space. In addition, the emission of
particulates by brake wear are eliminated. A brgkiesistor allows the use of the energy that idiegp
during braking to the thermal management of thérenehicle, thereby extending the vehicle’s driyin
range. This paper will present the concept of &-talerant and functionally safe electric drivaitr with
alternative energy sources that meets the brak@remgents and at the same time enables a complete
electrical and thermal utilization of the energygeted during braking.

Keywords: powertrain, regenerative braking, therm@nagement, wheel hub motor, BEV (battery electric

vehicle)

1 Introduction

For the first time, electric vehicles with wheelbhdrives offer the opportunity to operate without a
mechanical friction brake system. This is due ®ftdct, that these drives can provide the requireging
power completely electrical and at the same tinhenah wheel-individual, independent control of the
torque, which is a prerequisite for vehicle-dynaniontrol systems such as ABS and ESC for a purely
electric brake. An alternative energy control devilke a braking resistor is required, which ensuaa
additional regeneration of the brake energy besilesHV battery. Electric vehicle prototypes withou
mechanical brake system on the drivetrain axle hmen presented before [1]. Many use cases can be
covered, but such concept have not been seenries spplications, yet. Most likely, this is duestome
important use cases, such as braking at full H¥ebatwhich cannot be covered by such system. 8o th
starting point of the RABBIT project had been bolitgal requirements and typical car manufacturer
requirements regarding braking and thermal comfartisk assessment was carried out as well as
simulations of the high voltage DC link and therthal system. Based from these analyzes the componen
requirements have been derived [2]. Fitting comptare currently under development to run as a new
system in a demonstrator vehicle. This vehicle bélused to proof the concept of the RABBIT projact
real world driving, supplemented by examinationsadast rig.
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As a result of the project, a drive system is irdégd and tested in a demonstrator vehicle, comgisf a
fault-tolerant wheel hub drive and a brake resia®an alternative energy dissipater, which canseé to
perform all the braking operations occurring onribar axle. The underlying safety concept ensutdgha
reliability of the braking system and enables thifilnent of all legal and manufacturer-relevant
requirements. During normal driving operation, theake resistor will be used for electro thermal
recuperation to increase the vehicle’s range [3JwNin the middle of the project, the analysis lo¢ t
vehicle requirements and the risk assessment isute@ The development of the new components, the
wheel hub drives and the brake resistor has started

RABBIT is a German abbreviation for “Radnabenabtridhne Bremse — Bremswiderstand integriert in
Thermomanagement”, i.e. “Wheel hub drive withoutke — brake resistor integrated in thermal
management” [4]. The presented project is fundedhbyGerman Federal Ministry for Economic Affairs
and Energy.

2 Vehicle Requirements Analysis

2.1 Legal requirements

The main legal requirements for the braking syséeendefined by the ECE13H directive, which is valid
for Europe, Australia, New Zealand and Japan ang similar to local regulations in China, India ad&.
The directive distinguishes between operating, l@uyiand parking brake systems. The main requirgme
for the various brake types are shown in Table 1.

Table 1: Requirements for the different brake ty@esording to ECE13H

Description Effect on Min. deceleration Actuator
Operating brakg Front and rear axle 5,76 m/s? Bpekizal
Auxiliary brake | Front and rear axle 2,44 m/s? Brakeal

Parking brake Typical rear axle 1,5 m/s? Push-buttolever

2.2 Other requirements

In addition to the legal requirements, further riegments for the brake system are defined by imgust
standards (e.g. AMS test) and OEM development remgnts regarding braking performance as well as
durability, reliability, noise behavior, etc.

Typical use cases and tests used for brakes sydt®riopment are show in Table 2. In these tests the
required decelerations are significantly highentlegally required for the service brake system.

Table 2: Use cases / tests for the design of thkelbsystem

AMS Acceleration to 110kph, Deceleration to standstith 1g, 10 cycles

Grof? Glockner | Speed constant 30 kph, Slope max. 14%, deceleragibveen 0.1g - 0.17g

Single Stop Acceleration to 130kph, Deceleration to standstith 1.2g

2.3 System requirements

Thewheeltorque required for the electriadive andservice brake system was determined using the above
mentioned brake tests. A longitudinal dynamics nmhodi¢he vehicle was implemented considering optima
braking force distribution between front and realeato derive torque/power profiles for the electri
machine over timen the simulatiordifferent initial conditionsfor HV battery SOCelectric machine and
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inverter temperaturg were consideredas well. The vehicle data have been derived froemMEHREN
technology demonstrat¢B-car, GVM 1700ky[5]. Table 3 shows the required torque per wheel.

Table 3: Required torque per wheel

Use Case Drive torque [Nm] Braking torque [Nm] | maxpm [1/min]
AMS 800Nm for 12,5s 800Nm for 5s 1000
Grof3 Glockner 50Nm for100s 150Nm for 100s 270
Single Stop 800Nm for 12,5s 850Nm for 3s 1150

To meet all legal and OEM requirements with the RAB demonstrator vehicle, each wheel hub drive
needs 850 Nm regenerative peak torque and 100 gahesative peak power. The resulting torque curve
over speed for one wheel hub drive is shown in #ig.

2.4 System Concept
The brake system of the demonstrator vehicle shatiprise the following functions:

1. Electro-hydraulic service brake system operatingherfront axle, which decelerates the vehicle.

2. Electrical service brake system with recuperatind #gnhermal brake resistor operating on the rear
axle, which decelerates the vehicle.

3. Secondary brake system, which slows the vehictage of failure of the service braking system.

4. Parking brake system operating on the rear axlghniolds the vehicle.

Nowadays, regenerative braking is usually limiteddt15g due to the restrictions generated by the HV
battery system. A 50kW electric power at the rede shrough recuperative braking (approx. 0.2glltss

in a charge rate of around 3 C. When a deceleratiarp to 1.2 g exists, a maximum electric power of
around 200 kW is generated through recuperatiothetrear axle. Furthermore, the HV battery system
cannot be charged at 10 C or more in any given emlgonditions, SOC and SOH. Therefore, an
additional energy sink, e.g. a break resistorgisessary. Fig. 1 shows the system concept forrtiie dnd
brake system. It is defined by the interactionhef &lectric wheel hub drives (E-WD) on the reaeattie

HV battery, the brake resistor and the hydraulakbrsystem on the front axle. There are no rearaid
service brakes, however an electrically actuatedhamgical parking brake (EPB) which will still be
required to hold the vehicle at gradients durirandgstill. The concept assumes a regen capable wacuu
less brake system (Continental MKC1) [5].
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Figure 1: System concept
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The combination of the HV battery system with akiereesistor as an alternative energy dissipateisiéa

a redundant concept. The HV battery system is ethwjth optimal charge rate in its actual “comfort
zone”, as it can be seen in the picture above. fldegathe (additional) recuperated electric eneigis
dissipated through a brake resistor (Fig. 1) i® ¢ooling system, where it can be used to hedhep
cabin. In case of a HV battery failure the full @tec braking power can be transferred to the cmpli
system (Fig. 2).

i

LB

Figure 2: Redundant energy sink concept

¥

2.5 Demonstrator vehicle

The planned RABBIT demonstrator vehicle shall beedaon the Ford Fiesta demonstrator vehicle
developed in the MEHREN project, which is shownFig.3. The vehicle has two electrical wheel hub
drives on the rear axle and a HV battery systenm WB.8 kWh energy capacity. Maximum weight is
1700kg and the maximum vehicle speed is 13(QBph

Charger
Left E-WD CFB4 brake system DC/DC

Charge inlet Battery Tray B

PDU
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Water Pumps
Valves

12V Battery
AC Compressor
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MABX
RapidPro
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Figure 3: MEHREN Demonstrator vehicle
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3 System Architecture

3.1 Wheel Hub Drives

The system shall represent an innovative, HV batieiven powertrain consisting of two wheel hubves
located on the rear axle. The wheel hub drivesiraegrated and evaluated in an assigned demonstrato
vehicle provided by Ford and shall provide a comgaastruction volume. They are developed based of
the work results from project MEHREN. In differenmeMEHREN, the concept pursues the objective to
eliminate the mechanical friction-brake due to parate the full electric and electro-thermic energy

Due to its higher power density, improved faulietahce, and reduced phase currents, six-phaseamotor
with two independent three-phase systems are Mgitlula six-phase machine, the required brakinguerq
can be reached with less than half the phase d¢uequired with the three-phase machine. In thipeet,

the torque requirements alone were reason enougtake a six-phase machine meaningful. Futhermore,
with a 6-phase machine, the RMS current stresstlamdoltage ripple of the DC-link capacitors can be
reduced compared to the three-phase system byrimepking an interleaving of the carrier signals tfoe
pulse width modulation.

In additional six-phase drives with two electricalependent three-phase systems can provide seasen
fault-tolerance. In case of a failure in a sub-niaelor its associated power electronics, it is fidsdo
switch off the sub-system and to continue operatiity the second sub-machine only. This has a tirec
positive effect on the availability of the electhiake. In this case, there is still 50% availableich, under
security aspects is only half as high — but not 0.

Fig. 4 shows a comparison of torque gradients (maitm generator driven) for different voltage Iavel
Due to the increased DC-link voltage the field werdkg area starts at a speed close to the maximum
speed. Thus, the torque requirements during bratangbe fulfilled.
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Figure 4: Torque gradient at originally HV battenitage (left) & increased DC-link voltage (right)

3.2 Brake Resistor

The HV battery is not always able to absorb thetatepower during regenerative braking. Regarding
the brake requirements, the brakes shall be ahaagdable. As it is necessary to have fault toleran
drivetrain it is also necessary to guarantee tiseration of the electric energy. There are differgays to
absorb this energy parallel to the HV battery.His project the decision was done for the eledtesrhal
energy sink. In the following the electro thermakryy sink is named as brake resistor. In [7] trekd®
resistor was tested in the vehicle for the finsteti It was proofed that the regenerative brakingke/also
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with a full HV battery. If the brake resistor istégrated in the cabin heating circuit there is tepial at
cold temperatures to save heating energy and isetba range of EVs.

Simplified the brake resistor is an over-dimenstbheater. The main difference lies in the requireséor

the performance as well as the availability. Wliile power requirements of the interior heater ar@sqg
static, the power requirements for the brake msiate more peaks than quasi-static. A further new
requirement is the fast and precise controllabitifythe needed power. This requirement excludesessom
electro thermal conversion types, e.g. PTC, fos throject. The heating layer provides the best
characteristics regarding the requirement [8] ard whosen for brake resistor in the project. Frben t
control point of view, the heating layer is an #lieal resistance at which heat is generated byeotiflow.

The amount of heat depends on the height of thewur

For the component design, two essential propentiest be taken into account and designed regartimg t
requirements. Considered shall be on the one hamcelectrical properties and on the other hand the
thermal properties.

The electrical design depends on the applied veltdgnd the desired power P. The maximum power of
the brake resistor is specified by the maximum poofeboth E-WDs (see chapter 2). The voltage is set
constant by the boost converter. So the neededtamseé value R can be calculated by the following
equation.

UZ

R= "~ (2)

The resistance must be applied to the maximum peaker, thus the peak power is also equal to the
continuous power. If a lower power is requesteis, tiust be adjusted by chopping the applied voltAge
with the pulse width modulation, the needed voltégecontrolled by electronic switches e.g. IGBT,
MOSFET. The advantage of this method is the goadirabability of the desired power over the freqagn

or the duty cycle.

For the thermal design there is the freedom tonupé the component on either the continuous power o
the peak power. Since the peak power is the dritezguirement, the thermal behavior is designedHer
maximum peak power. The limiting sizes are on the band the maximum temperature in the heating
layer and one the other hand the maximum coolampéeature. If the heating layer temperature excaeds
critical value the heater can be destroyed. Alsthéf coolant exceeds the boiling temperature tleehe
could be destroyed due to lack of cooling. Theagestshall be avoided. In [3] a sensitivity analysi the
design parameters from a brake resistor was malleoulyh it is a resistance heater, the heat transfe
mechanisms are the same as for the layer heates. thi findings from this analysis could be takearo
The head knowledge is, to reduce the maximum cotdamperature peaks the cooler has to be desi¢n wit
a high mass.

3.3 HV Architecture

In this section, the architecture of the HV sysisrdescribed, and different topologies for the @antion

of the HV battery to the drives are compared. Aareiew of the architecture is given in Fig. 5. THe
system consists of two electrical wheel hub drigledVD) with integrated power electronics. The dsive
are connected to the primary energy source (hek dattery) and to the brake resistor. Furthermore
three different approaches for the connection & dhives to the HV battery are shown Huror!
Reference source not found.The first one is the direct connection (Fig. 3a)this case, the DC-link
voltage of the inverter equals the HV battery vgdtaThe second approach is a semiconductor-based HV
battery disconnector (Fig. 5b). It consists of atoallable power semiconductor (e.g. IGBT or MOSKFET
and an anti-parallel diode. In addition a free-wimgediode and a small capacitor are necessaryniothe
over voltage during turn-off of the semiconductdnder normal conditions, the semiconductor is tdrne
ON and the DC-link voltage equals the HV batterytage. Only if the DC-link voltage is too small to
provide the requested braking torque the semicdndig switched OFF. Due to the regenerated energy
from the drive system, the DC-link voltage incresada this case the brake chopper controls the ibiC-|
voltage to the voltage limit and no energy can toees into the HV battery. Therefore, the maximum
phase voltage during braking can be increased mpegison to the directly connected topology. In
combination with the higher torque requirement wmigirbraking than during driving, this enables an
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improved motor design. The boost converter (Fiy.can be used similarly to the HV battery disconoec
The advantage is that it can boost the voltagehiglzer level during driving as well.

a)

directly E-WD (left)
connected —

(CON)

b)

. battery 1
= disconnector brake resistor

(DIS)

battery

boost

converter E-WD (right)
(BST) —

Figure 5: Overview of the HV architecture

For the investigation and the comparison of thepelbgies, scalable models of the HV battery, tlodom
and the power electronics are developed. The coemisn(HV battery, motor, power electronics) are
designed by these models, and in the next stepertbegy consumption of the topologies are deterthine
for various drive cycles. A short overview of thesejns of the components and a comparison of theathv
system size and efficiency are given in the follogvparagraphs. More detailed results are preseteua:
European Conference on Power Electronics and Agdics 2017 [9].

For the comparison of the architectures, threesifit HV battery designs are developed. The fingt o
uses the maximum DC-link voltage of the invertersraximum open-circuit voltage (OCV) and is suiabl
for all investigated topologies. The second oneBegp the drive system during driving operationhwitt
the need of an increased voltage. The voltage bristicreased for braking with high braking torqgires
higher speed range only. Thus, it is not qualifiedthe directly connected drive system. The thitd
battery provides a sufficient DC-link voltage irban speed range. For higher speeds, the voltagebmus
boosted. Therefore, it requires a boost conveotedifiving and braking.

The motors must be designed considering the tocgpebility during braking. Therefore, the maximum
phase voltage under braking conditions is the ndaisign criterion. The maximum phase voltage of the
directly connected drives results from the minim@@V of HV battery 1. The maximum phase voltages
for the other topologies depend on the maximum D&oltage. Therefore, two different motor designs
are necessary here: Motor 1 for the directly cotetedrive system and motor 2 for the other top@sgi
The motors are scaled via the number of turns jreding. Therefore, the reduced maximum phase veltag
of Motor 1 leads to an increased phase currene(H&0 A instead of 132 A). Due to the scaling winiver

of turns and the motor current, the magnetic flithe motor remains constant in the constant toayee.
Thus, the motor losses remain nearly constant #s we

The optimum designs of the power semiconductorglarermined by scaling the semiconductor chip area
[10]. Different constraints like equal maximum teengture or equal maximum losses for all topologies
possible for the scaling of the semiconductorghis paper, the scaling factor is selected in a thay the
scaled semiconductors meet the thermal requiremeratsr maximum load conditions. Due to the higher
maximum current, the chip area of the inverterargér for the directly connected system (approxétyat
22%). The needed chip area of the HV battery diseotor is smaller than the area needed for thetboos
converter because only one IGBT is necessary andswitching losses occur in the HV battery
disconnector. For topologies with lower HV battenjtages, larger chip areas are necessary. Thidtses
from the higher currents in HV battery and DC lifikie resulting overall chip areas for the poweinteae
given in Fig. 6 (black crosses). The smallest diierhip area is needed for the combination of
semiconductor-based HV battery disconnector andbeitéry 1.
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Figure 6: Energy consumption over semiconductqgp eneéa

The overall energy consumption is the sum of th@cke driving losses (drag, rolling resistance) amel
losses in the HV components (battery, motors, adexs. The losses of HV battery and motors arelypea
equal for all topologies. Thus, the focus of thenparison is on the converter losses. In Fig. Gotrerall
converter losses over the overall chip area argepted (black crosses). Furthermore, the estingadeer
losses for larger chip areas are shown (lines). ddraparison is given for silicon-based (Si-baset a
silicon-carbide-based (SiC-based) semiconductof®e Towest power consumption is given for the
topology with HV battery disconnector and HV batt@. For the boost converter, the estimated power
consumption is slightly higher. Due to the high powonsumption, the directly connected topologyat

the optimal solution for this application. The adtamges of the boost converter over the HV battery
disconnector are that it enables more functiondbitythe full system and already developed andetest
devices are available. Furthermore, the HV battiésgonnector can be evaluated by the boost comeeste
well. Therefore, for the prototype, the HV architee with a boost converter is applied.

3.4 Thermal Management System

By the usage of a redundant energy sink for the bd¥tery in shape of a brake resistor the thermal
management get an important role in the projeat.tke first time in the development, the coolantley
must be considered in the brake design. This méwisthe requirements for the thermal management
getting higher. Peak power of about 200 kW (seaptdr 2) must be absorbed by the coolant and ezleas
to the environment. Further challenges are diffepgaferred temperature levels of the componente O
more requirement is to develop an efficient vehitiie[3], [11] it was shown that, especially in wén the
usage of the braking energy with a brake resistar iocrease the range. By this fact the free bgakin
energy shall be used in the project to heat ugcéiién or bring the components, e.g. the HV batierg
much more efficient set point. All this requiren®ntere considered in the development of the thermal
management architecture. The outcome is the acthiteshown in Fig. 7.

The coolant thermal management circuit consistsvof independent coolant circuits. The connection of
the two circuits is over a coolant /coolant heathaxger. With this component it is possible to exde
heat or cooling energy between the circuits.

The first cooling circuit is the low temperaturecciit. The temperature limits are set from the Hattéry.
The primary task of this circuit is to cool the Hyattery. This could be done in two different wayke
first possibility is to exchange the waste heahwiite environment by the radiator. If the coolirayer is
not enough the HV battery could be cool down achtiyethe chiller. In this possibility, the waste héa
transported to the environment by the refrigerarud@ of the vehicle. The secondary task is toldbe
charger during charging and also keep the 12 V CIDB the preferred temperature range. At cold
temperatures the radiator and the chiller are sHosith the target to keep all the waste heaténctbolant
circuit to heat up the components very fast. I8 thbde it is also possible to use the waste hetiteoE-
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WDs, DC/DC or from the brake resistor via the cablaeat exchanger. At very cold temperatures the HV
battery could also be heat up active by the brakistor.

Low Temperature Circuit

,—» Chiller —»O—»@—» HV Battery [—>| Charger [—*|12 V DC/DC
Radiator ‘

Middle Temperature Circuit | Exchanger
EWD (left)
DC/DC Brake
Converter Resistor l
EWD (right)
Cabin Heat
Exchanger

O

Figure 7: Thermal Management Architecture

Circuit Heat

Radiator

The second cooling circuit is the middle tempemataircuit. The tasks of this circuit are to cook th
drivetrain (DC/DC, E-WDs and brake resistor) andhéat the cabin. Regarding this two requirements it
feasible to divide the circuit in two independeimtigits. With this interconnection, the cabin coble heat
up very fast because the high thermal mass of tivetdhin is not in the circuit. At cold temperagsrit
makes sense to use the wasted heat of the compaoeting the drivetrain into a comfort temperatur
range were the efficiency is better. This mode lwaractivated with bypassing the radiator not te e
waste heat to the environment. If there is fred frean the brake resistor during braking which cbnbt
be used by the cabin, this heat can be used taupethe drive train or transfer this heat to the b#ttery.
With this strategy the components works much fasténeir optimum operating point to save energg an
increase the range.

The drivetrain and the brake resistor gets morthénfocus of a brake by wire system, this leadsitch
higher requirements for the thermal management.thisra second coolant pump was installed in the
middle temperature circuit. In case of failure @eocoolant pump, the second pump can guarantee the
coolant flow through the drive train and the bradsistor.

4 Conclusion

For the first time, a concept for a brake by wiystem realized by wheel hub drives is presentedinu
the development phase OEM and customer requiremestts taken into account in addition to the legal
requirements. The goal was not to have any rdsinEtcompared to a conventional system. This only
works if the wheel hub drives take over the congletaking power at the rear axle. For the design it
means that the torque in generator mode must b&tarttrover the entire speed and does not dropuasd us
with increasing speed. Furthermore a fault-tolecgrération of the wheel hub drives must be guaeahte
For this purpose, a six-phase machine is desigmedddition to a fault-tolerant drivetrain, a redamt
power sink in addition to the HV battery is reqdir@he system should also work when the HV bati®ry
not able to absorb the energy, e.g. at high sfatbarge. For the redundant energy sink a bralésgstor is
used. He converts the electrical energy into theenargy. The brake resistor shall be designedHer
maximum power of the drivetrain to cover the ussecarhere the HV battery is not able to absorb any
power. The single stop leads to a peak power WO8kKW. This requirement challenges on the one hand
the component brake resistor and on the other b@mdhermal management. The concept of a thermal
system which meets all component requirements wesepted. In addition, this system has been desbigne
so that the braking resistor takes over two fumgidn the one hand the dissipation of the eleptriger
during regenerative braking and on the other theetfan of the cabin heater. The thermal architectur
enables also the use of free braking energy to theatabin and safe expensive energy from the HV
battery. With this strategy it is expected to sheating energy and thus increase the range.
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