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Abstract

The powertrain of a typical electric vehicle consists of a battery pack, an electric
machine, a condl system, and a cooling system. As these componentstebeir
inefficiencies generateeat that must be dissipatelth high-performance electric vehicles for
racing applications, thermhmitations in the electric machira the motor controllecould
significantly reduce the peer output of the motorcyclelTo prevent thermal limitations,
simulations using thermal models must be performed to determine the cooling system

specifications required.

The purpose of this research is to developatadkrm model of Buckeye Cu
powertrain and determine cooling system requirements based on the power demand of the Isle of

Man TT Zero from a fullvehicle simulation.

Physics basedh&rmal models of the componeritave beenleveloped and implemesd
in Simulink, thenintegrated with the simulation software already developed by the Buckeye
Current team forrace performance prediction. An initial calibration of the model paramete
wasconducted usindata from the Pikes Peak Intational Hill Climb (PPIHC) racand testing
in 2017, along with supplier datasheet informatidihe thermal modeldevelopedredict the
heat generation and temperatures of key components based on the current and power demand
imposed tahe components from lap time siratibns. The completed mod&asutilized as a
design tool to conduct thermal analysis of&liéint powertrain configurationis create an

optimized cooling system.
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Chapter 1: Introduction
Electrification in the Automotive Industry

Battery Electric Vehicles (BEV) provide an alternative to traditiomiirnalcombustion
engineqICE) and have potential to significantly reduglebal emissions. The fuel econonuoy f
aBEV depends on the method of generating electricity ircthetry its operated in. Electricity
generated through renewable energy has the laegesbnmentabenefits, while coal power
plants have minimal improvements compared to ICEs. Furtherrigr environmental impact
of the collection and transportation of raw materials, inefficiencies in the infrastructure, and
production othe vehicle must be considered [.summary of the required miles per gallon
(MPG)for an ICE vehicle to have themjuivalent globaémissions as BEV for thefive largest

economiess shown in Table 1.

Table 1: Required fuel economy for ICE vehicle to have equivalent global emissions to average BEV by country [1]

Country MPG
United States 55.4
China 40.0
Japan 44.3
Germany 52.1
United Kingdom 67.8

The effect of electricity generation method for the various countries is made clear from
this table. Countries that produgdarger portion ofheir electricity from primary energy
sourcegather than fossil fuelsequire ICE vehicles to have unattainable fuel economy to have

equivalent emissions to a BEV. However, in countries were the electricity is generated from



nonrenewablessuch as China with many coal power platite emissiongdém a BEV are
closer to those ofrelCE vehicle. The fuel economies of most ICE vehicles are between 20 to 30
MPG [2], sodespite the method of electricity producti®kVs provide benefits for all the

major economies listed.

Despite dramatic advantagesfuel economy, adaptation of electrified vehicles has been
slow. Some of the key predictors for an individual to purchase an EV are being environmentally
conscious and a social innovator [3]. These are individuals which are influenced by climate
chang to pay more for an EV than a conventional ICE vehicle, and those who view EVs as a
status symbolHowever, as these technologies advance, consumer interests have expanded
beyond environmental concerns to the performance of EVs [4]. By demonstrating the
technological superiority of these vehicles, mainstream adoption of the new technology can be

accelerated.

One method of showcasing advancement in electrified vehicle technologies is through
zero emission racingvhere electrified vehicles compete or #ame courses as ICE vehicles
One of the largest motorsports, Formula Gray has an electric class, Formula E [#].this
class, EVs compete on the same road circuits as Formujav®ich has millions of viewers.
The largest motorcycle road racethe world, the Isle of Man, has also introduced the TT Zero,
which allows EV motorcycles to compete and be exposed to thousands of viewers on the island.
By showcasing the performance capabilities of EVs through raatfagptation can be
accelerated idifferent demographics than just the environmentally conscious or social

innovators.
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Buckeye Currenti Electric Racing at Ohio State

Buckeye Current is a studieproject team ahe Center for Automotive Research at The
Ohio State University. The teamesigns, builds, and races anelkctric motorcycle at
professional competitions around the world. One of the main goals of the team is to help
advance electric vehicle technology. Students who participate on the team learn valuable
engineering, projechanagement, and operation skills by working on detailed designs for the
motorcycle. Buckeye Current also participates in various events to showcase the motorcycle and
teach the public about electric vehicles, such as the student involvement fair, theaAme

International Motorcycle (AIM) Expoand visits withtechnicalpresentations for sponsors

The team started in 201there they designed a motorcycle to set a land speed record
with the East Coast Timing Association. Follogrthis, the team had itkebutwith
international racing competitions at the Isle of Man (IOM) TT Zero. The team had‘tplac
finishes at the IOM (2012014)and then the team competed at Pikes Peak International Hill
Climb (PPIHC)in Coloradgwhere they hadne 29 placefinish (2015), one '8 place finish

(2016), and one®liplace finish (2017).

Electric racing requires the most advanced electric vehicle technology and helps identify
opportunities for the greater electrified automotive industry. By participatimggmational
competitions, developing talented engineers, and educating the public about electrified vehicles,
Buckeye Current is helping in the effortadvance electrified vehicle technology aeduce

CO2 emissions.
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Design ofBuckeye Cur r ent dPow&ttamct ri f i e

Buckeye Currenhas competed at PPIHC for the pastrfgears ands currentlyworking
on developing an all new motorcycRW-4, for the IOM in the summer of 2020. With the
change in the race, one key feature that had to be reconsidertevetectrified powertrain. In
an electric vehicle, the powertrain consists of lagtac machineamotor controller a battery
pack, and the overall vehicle controlléfhe interactiorbetween these components for Buckeye

Current o6s preRWMSigshowmim Figuréc vy c |

Rider Torque Request (Throttle Position)

Vehicl e Ci

Battery Temperatures Motor Temperature

v
A

Inverter Limited Power
Temperature Request

» > —_—
Electrical Power (DC) Electrical Power (AC) Mechanical Power
) to Wheel
Battery Ma or Cont El ectric
Figure 1. Electrified Powertrain for R\AB
Figureli |  ustrates how the riderés request fo

which communicates with the motor controller. The motor controller then requests DC power
from the battery pack and inverts thisAG electric power for the motor. During this opewati

the temperatures of these major components are being reported to the vehicle conlirolter to
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power, if necessaryto prevent any of these components frbaing damaged bgxceeding their

maximumoperating temperature.

The temperature of these components increases as their inefficiencies cause heat to be
generated The magnitude of heat energgpends on the operating conditions, power and
current demand, of the component. For the electachine and the motor controller, a water
based cooling systers required talissipatehe heat generatlduringracing. The cooling

system that was used for R8is shown in Figuré.

Radi ator s

El ectric

11111

Figure 2: RW-3 Cooling System

e

Mot or Co

This cooling system consisted of two separate cooling loops feteb&ic machine and
motor controller. Theeservoirsand pumps for the cooling systere integratedh the

mot orcycl ebds tail
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Research Objectives

The change from PPIHC to the IOM creates a new set of challenges for an electric
powertrain. Pikes Peak a 12.4mile race, with 156 turns, and a 5,000 ft elevation change. This
results in a powertrain that requirgsortperiodsof high-powerdemand. The Isle of Man is a
37.7-mile race, with log straightaways heregaspoweredmotorcycles excee?200 mph. This
requiredong periods ohigh-powerdemand These differences require an examinatiothef
power output needed from teéectrified powertrain and a considerationhe tifferences of the

componerdgdthermal performance.

This research focuses designing an optimized cbog system for thé&kW-4
motorcycle. Tis requires developing physics based thermal madebe powertrain
components,uning these models using available data to reach strong agreement between the
model prediction and measurdalta, then integratinghes e model s wi th Buckey
vehicle simulation tools to predict the temperature rise gbptiweertrain components and

determinecooling systentequirements

14



Chapter 2: Background

Overview of Thermal Modeling

Thermal modeling is the process of simplifying a physical system to simulate the transfer
of heat within the systemnd estimate thiemperature at different locatian®nesimplification
methodis known adumped capacitance modelifig]. This method auimeghat the
temperature within enass idime varying but uniformly distributed throughout the solkebr
this assumption to be valid, the heat conduction within a mass must be significantly greater than
the heat transfer leaving the mass. This imghes the heat generated would distribute within
the mass to a uniform temperature much faster than it would be dissipated to the environment.

Bi ot Ois a critarian to determine if this modeling assumption is satisfied
» . [0 (D)
0 Q—— hdo —
Q D 0
where'Qis the heat transfer coefficient due to convectidis, the heat transfer coefficient due to

conduction is the characteristic lengttyis the volume of the solid, arid is the suface area

of the solid

The umped capacitance modeliagproachallows an extremely complex physical
system to be approximated by a simpler thermal network. This gredtiges computation time
compared to methods that do not esehapproximatios, sich asFinite Element Method

(FEM), andallowsthe model to be integrated with larger vehicle simulations.
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Previous Thermal Modeling Efforts

Thermal models ocdome of thendividual powertrain comgnentsthe electric machine
and radiatarhave been mposedwhich present a starting point for the development of the
complete powertrain thermal modeéflowever, thermal models of motor controllersre limited
and a complete powertragystemthermal model for real time temperature predictioasnot

found.

Thermal analysis of electric machines can be cotedlused FEN6, 7] or using lumped
parameter modeling with experimental d&p [FEM gives the most accurate respist it is
computationally expensiyevhile lumped parameter models are compatetily fast, buthe

accuracy of theesults depends on the modeling assumptions and accuracy of the measured data.

Few thermal models have been created for motor controllers. The cooling system design
for power electronics presented @] determined theequirements based on the heat generation
in the IGBT module. However, this woidkid not develop @hysicsbasednodel of the

component to evaluate different cooling system design options.

Radiators are complex componewith many forms of heat transfdsut lumped
parameter modelingthniquegor themhave been developedld. This process allows the

radiator to be tuned with limited data available either from the supplier or measured.

Impact of this Research

Thermal modeling of avatercooledelectified powertrain for coohg system desigwas
notfound Ther ef ore, to determine the cooling syste
electric motorcycle, thermal models of the electric machine, motor controller, and radiators must

be adapted from litatureand nt egr at ed t o Buckeye adfareant ds s
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design optimization. This requires simplifying previous thermal models based on available data

and physics of the components.

In this research, an originsingle no@ motor conbller thermalmodelis developedo
accurately predidhekey operating temperature while being computationally efficidittis
research also develops a technique for determining unknown motor model parameters relying
only on data provided by the motsupplier since no experimental data was available. Finally,
this researcldlemonstratea process of integratirigw order, accurate tiheal modelsnto
vehicle simulation tools for cooling system design enaluatingpowertrain thermal

performance.
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Chapter 3: Development of Physics Based Models

Methodology

Due to limitations in data available for the powertrain components andmeeeldict
reattime component temperaturies cooling system design, the thermal models will use a
lumped paramer modeling approachlo create thermal models of the compondimds
accurately predict temperatures in the physical sys&ny this methodhe design and internal
geometry of each component will be analyzed and considened, the heat generatiowill be
appliedin the appropriate node of the thermal netwtbikt matches the physical system.

Finally, the conservation of energy wile used to derive the equatidhe modelnd determine

how heat is transferred through the systéfristing thermamodels of powertrain components

will be referenced when available to ensure the models match the physics of the component.
Since the goal of this thermal system and the thermal models is to be integrated with a larger, full
vehicle simulation, a fastomputational time is vital. Therefore, the degrees of freedom of each
model will be reduced as much as possibdevmaintaining a high accuracpmpared to

measured data
Motor Controller Thermal Model

To determine which portions of the motor controllaremnecessary in the thermal
network d the component, the internal geometry of the motor controller and the operation of the
component were considereBor a motor controller to operate an AC electric machine with a
DC battery pack, the D@urrentmust e inverted to ACurrent This is performeavith pulse
width modulation, which igjuickly switching DC current on and off using pewelectronics.

The power electronicss ed i n Buckeye Currentdés motor cont
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IGBT modules a radial flux motors require three phas&€#\C currentto operate, each IGBT
module corresponds to a phase. This switching operation is the main source of losses in the
motor controller and the small thermal mass of the modules causes the temperatuease

quickly.

As the IGBT modules are the main source of losses and heat generation in the motor
controller, these three modules rest directly on top of the cooling blduk typical
configuration of the power electronics resting on top of the egdiliock is shownn Figures 3

and 4

Figure 3: IGBT Modules on top of Cooling Block, isometric vie@] [
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Figure 4: IGBT Modules on top of Cooling Block, top view][

From data collected by Buckeye Curremg can gain an understanding of the

temperatures of key motor controller components while racing.
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Figure 5. Motor Controller Measured Temperatures at PPIHC 2017

20



This data shovthat when the motorcycle is operating at full power levbis power
electronics in the switchingnodules are at the highest temperature. The motorcycle became
power limited later in the race because the veltaigthe battery pack droppedths battery
cells reached a low staté-charge When this happened)é control board and gate driver board
temperatures exceeded the temperatures of the IGBT modulesocthisdbecause these
components are further from the cooling block and must reject heat through the IGBT modules.
At low power levels, the heat rejean in the modules is loywhich allows them to stay below
the temperature they raised these other components to when the heat rejection wag higher
temperature dynamic is only present when the power output of the motor controller is greatly
reducedthis is an unwanted feature as it willoee motorcycle performanc&W-4 will be

designed to prevent this behavior.

If any of thecomponents within the motor controllgpproach the maximum operating
temperature, the power must be limited to preveetieating. Since the IGBT modules are at
the highst temperature during normagperation, these are the critical components that the
thermal model of the motor controllerust predict. Further, Figureshows that the
temperatures dhe three moduleg@very similar, so to reduce complexity in the model, it is
assumed that all modules operate at the average temperature. Based on these assumptions, a

single nale thermal model of the motor controltam be created.
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Figure 6: Motor Controller Thermal Model (MCTM)

The thermal model of the motor dasiler lumps the three switchingodules into a
single thermal massThis thermal model is described by the following set of equations:
06 0o 0 YO Y Y
2
4 ) ,Q'Y I3 i "Y uY ';‘Y © uY uY
ad Wrs=— O 0wy Y 0 h
h 0 0 h h h
whereD 6 i s t he heathec alp@RT bOnaoidsel techfe the¥its gehmher at e
temperature of “Yyhies itnhvee ritnelre tmaoetoisld kaypead hdate mp er at
transfer coefficient representing all forms of heat transfer between the pewateorics and the
coolant@ Gy is the heat capacity of the coolavtiereq; is the specific heat of watehis
term is required because the time constant for the coolant differs from the IGBT moOdides,

theoutlet coolant tmperature, and is the coolanmassflow rate.
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The inputs for this model are the RMS electric machine current and the battery pack DC
bus voltage to estimate the losses of the motor controller, the inlet temperature of the coolant,
and the masBow rate of the coolant. Then the outputs of the model are the temperature of the
lumped switching module and the outlet coolant temperature. These are summarized in the

following figure:

Coolant Mass Flow Rate B Switching Module Temp
Coolant Inlet Temp ’
» Motor Controller Thermal
RMS Current | Model Coolant Outlet Temp
> >
DC Bus Voltage

Figure 7. MCTM Inputs and Outputs

Electric Machine Thermal Model

An electric machine creates maciical energy from electrical energy. There are many
designs available, however one common macfungigh power density application such as
racingis a permanent magnet synchronous machine (PM3WMis machine consists of a rotor
containing permanentagnets, stator winding, and a stator cdfer a PMSM, the magnetic
field that is generated by the electricity to produce mechanical energy can be applied either
axially or radially with respect to the permanent magnBtsed on a review of the two
tecmologies and lap time simulations, the Buckeye Current team has decided to use a radial flux

motor for the IOM. The internal layout of thig/pe ofmachine is shown in Figus& and9.
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Figure 8: Internal PMSM (a) Stator and (b) Rot@] [

stator winding
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[—

PM

rotor core —e

~

stator core *

stator tooth

Figure 9: Diagramof Internal PMSM structures]
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From the internal geometry of the machinehssics based thermal modeas presented

in [8]. The radial flux notor thermal model is shown in Figuté.

MEAQONOAN EEANEDOA

Figure 10: Simplified thermal model with three nodes: permanent magnstator windings, and
stator corec [8]

This thermal model captures the three nmaotor components: the permanent magnets,
the stator winding, and the stator cote.represents #hheat capacity of the rotdi is the
temperature of the rotor, afd is the power dissipated in the rotar. i’ YPA T (& are the same
terms for the stator winding aidfi YPA T (A are the terms for the statoore. O s the lumped
thermal resistance, representing convection, conduction, and radiation, between the rotor and the
stator core.”O is the lumped thermal resistance between the stator windings and the stator core,
and"O is thelumped thermal resistance between the stator core and the coldeanoid an
algebraic equation in the thermal modelwas assumed to be negligibl€his thermal model is

described by the following set of equations:
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wheren is thetotal heat rejection of the electric maching, is the heat rejection of the

electric machine at the continuous power level at the operating RféM is the inverse ofO ,
Yo is the inverse of0 h"Y® is the inverse ofO h| is the portion of heat rejected in the
winding,& @ is the heat capacity of the coolafitis the coolanmassflow rate, o

is the specific heat of watély  is the nlet coolant temperature, aid is the outlet
coolant temperature. The inclusionfpf  andn g is necessargs the additional heat rejected
from increasing motor torque at a given RPM is from additional losses iratbevginding from

the increased phase currents, so the distribution of heat fieranly for the continuous power

specification.

The inputs to this model are the heat distribution, alpha, the coolant mass flow rate, the
coolant inlet temperature, thetal heat rejection and the continuous power heat rejection. The

outputs are the stator winding, stator core, rotor, and coolant outlet temperatures.

Heat Distribution (alpha)

Stator Winding Temp

Coolant Mass Flow Rate Stator Core Temp

"| Electric Machine Thermal

» Model
Total Heat Rejection |

Coolant Inlet Temp Rotor Temp

[

Coolant Outlet Temp
Continuous Power Heat Rejection >

»
»

>

Figure 11: EMTM Inputs and Outputs
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Radiator Thermal Model

Radiators are complex systems and much of the data needed for creating artiueteha
is proprietary. Howevethe method of developing physics based thermal models was described
in [10] and consists of breaking the radiators into a series of thermal nodes consisting of the

coolant, the metal tubes and fins, and the air.

Coolant Out’

r——— LUMP1 __ _—_ LUMP2 —__ (——— LUMP®0 . — —,

| Coolant node il Coolant nodg 2 ! | Coolant node 6
P ;J\/\/\ ! N /\/\/»1 Coolant Out
b h - V™o oeeeen

< | | <
> [l = | <
Metal node 1@ |\ Metal node 2@ I eeees | etal node (/@
| - | | <
[l < <
[ L) |
Air-side node 1 ||Air-side node 2 | Air-side node ®0

ywye

oA\
TVYY

> =vv

AIR FLOW

Figure 12: Radiator Thermal Modeling Procedsl]

The eaiations describing this thermal model have been previously developed at the
Center for Automotive Research. Each thermal node has the same behavior but with different
input conditions, so by assuming a single node the order of the model can be graatlg red
while maintaining accuracy I1. This results in the following equations to describe the radiator

model:

27



0 — a wp Y Y 0 ? Y Y
Q0 h'h 6
ayYy 0a
6 — 0 z— Yy vy 8 Loy vy 4)
Qo o] o]
LAY op ., . L N
00— o0 +—7Y 7Y O ———— Y Y
Qo0 o] o]

whered I R are the thermal masses for the coolant, walls of the radiator, @nof fin
the radiator!YA'YR'Y are their corresponding temperaturésfd 5 are tuning parameters

used to calibrate the heat transfer coefficients and are determined experimenialthe area
of the radiator facap is the velocity of air at the radiator fa¢e, 'Y are the density and
temperature of the ambient air, is the mass flow rate of the coolant, @ands capacity of the

fluid, andf is the slope of the saturataat enthalpy vs. temperature line.

The inputs to this model are the air temperature, face velocity, air density, coolant mass
flow rate, and coolant inlet temperature. Then the outputs are the coolant outlet temperature, the

wall temperature, and tha§ temperature.

Air Temperature
Coolant Mass Flow Rate ) Coolant Outlet Tg;np
Coolant Inlet Temp | Radiator Thermal Model | Wall Temp
Face Velocity : Fins Temp >
Air Density | >

Figure 13: Radiator Thermal Model Inputs and Outputs
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Reservoir Thermal Model and Pump Considerations

The coolant reservoir is important to introduceadditional thermal mass to reduce
temperature fluctuations die coolant The coolant reservoir can be modeled as a single
thermal mass ith the only forms of heat transfer being coolant entering and leaving the
reservoir. Itis assumed that radiation with the surroundings and canmdigategligible due to
the small temperature difference and higérmal resistance. These assumptiessit in the

following equation for the reservoir:

o Y L, .
a wp oY a wyp Yq Y (5)

where”Y is the temperature of coolant in the reserir,is the mass of coolant in the reservoir,
oy, is the specific heat afater,& is the mass flow rate, aritf; is the inlet coolant

temperature.

Besides acting as a damper to the coolant temperature, the reservoiigalsant to
provide sufficienressure to qgvent caitation in the pump. Cavitatiocan occur when the
fluid reaches its saturation pressure in the pump. This can lead to inconsistent flow and cause
damage to the pump. The quantity used to determine if there is adequate pressure to avoid
saturation is the net positive suction head$NP The NPSH available at the pump is defined

by the difference between the pressure at the pump inlet and the saturation pressure of the fluid:

g 1 n (6)
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wheren is the inlet pressure of the punip is the saturation pressure of the coqglams the

density of the fluid, antfdis gravity. The required IRSH is generally provided by the pump

manufacturer.

To choose an appropriate pump for the application, the pressure drops in the system

along with the required

f

ow rate

mu s t

be

approximatepressure dropfr the electric machine, motor controllemdiator,flow rate sensor,

det

and tubingat 10 liters per minute flow rate and 60 C coolant temperature, 50/50 water and glycol

mixture,are summarized in Tabk

Table 2: Pressure Drops RW-4 Cooling System

Component Pressure Drop [bars]
Electric Machine (Parker GVM 21000) 0.2
Motor Controller (Rinehart PM150DZ) 0.35
Radiator (Yamaha R1 Radiator) Unknown
Flow Rate Sensor (OmegdaB2009 0.138
Tubing (Nylon braided rubber tube 0.05

Since the pressure drop in the radiator is unknown, it must be determined experimentally

during the assembly of the cooling system. However, if the pressure dikaptie other

components in the system, thitie pump must be ablo deliver appnamately 0.95bars of

pressure if the coolant florate is 10 LPM.
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Chapter 4: Calibration of Parameters of Thermal Models

Motor Controller Calibration

The same model motor controller that will be used for-RWhe Rinehart PM150DZR,
was also used hthe Buckeye Current team in the 2017 and 2018 race seasons. In 2018, the
coolant outlet temperature sensor wasno6t oper
tune the parameters of the thermal model. Data collected during testing prioraoetheas
used to calibrate the model and then the PPIHC 2017 race data was used to determine how

accurately the calibrated model predicted the module temperatures.
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The four datasetused to calibrate the motor controtleermal model are shown in

Figure 14.
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Figure 14: Tuning Data for MCTM

This data contains theveragaemperature athe switching modulg the inlet and outlet coolant

temperatures, the RMS current, and the DC bus voltage. The RMS current was cdtasiated

on the following

(7)

where'Ois the torque producing current the motor controller sends to the electric machi@e and

is the portion of the current that resists the baxwk generated by the motofhese currents
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were measured by the motor controller. Using the RMS current and the bus voltage, the losses in

the mdor controller can be estimatéwm an equation provided by the manufacturer:

0 it z P T L8 (8)

whered s the power loss in Watt§) is the DC bus voltage, afi@ is the RMS current.

The nonoperating portions of the data in (c) and (d) were eliminated and the data were
combired into a single datasethe discontinuities between the datasets are small relative to the

rest of the data, so the error these will produce can be ignored. This edrdhtaset is shown

in Figure 5.
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Figure 15: Combined Data for Irerter Thermal Model
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This dataset will be used to calibrate gaametrsin the motor controller thermal
model. The tuning method will be using an unconstrained nonlinear optimization method in
MATLAB, fminsearch.m To use this algorithm, initial guesses must be made for the unknowns
and an olgctive function must be spéied. For this model, the objective function was the
minimization of the least square error between the model and thisdhtih the thermal mass
temperature and the coolant outlet temperat@md the unknowns in the thermal model were
estimated baskon the physical properties of the motor controllEnese unknowns are

summarized in Tabl8.

Table 3: Initial Estimates of Unknown Parameters for Motor Controller

Parameter Initial Guess
00 500 J/K
Yo 100 WIK

a 8 L/min
a 0.0545 kg

The heat capacitance of the motor controlled, , w a s
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coef fiYohwarst a
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manufacturer
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To usefminsearch.nto identify the model parameters, the model mesti&fined in a
mathematical format for optimization. To have a model which accurately predicts the
temperature, the error between the model and the data must be minimized. The temperature of
the switching module and the outlet coolant temperature anarbpbrtant for the model to

accurately predict, so the optimization minimizes the sum squared error of both:

- - )
where,
Y Y (10)
i 0
Y Y (1)

where"Y is the switching module temperatuféis the coolant outlet temperature, and the

number of samples.

The optimization algorithm then iteratively searches through possible numerical values of

the parameters$, until the errorfunction reaches a minimum
“T G QI 12
where"Qs the error function defined in equatioft'9 are the set of parameterith their

optimized valuespare constants for the modelis the set of arameters which can be

optimized, for the motor controllér 0 8,AY Qi ¢t ¢, andois time

The predicted motor controller temperature compared with the comieisiediata is

shown in Figure @ along with the ernocorrelationplots in Figures Zand B.
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Optimized Inverter Model vs Experimental Data
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Figure 16: Optimized MCTM
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Thermal Mass Model Error against Data
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Figure 18 Motor Controller Error Distribution Plot

From Figure 6, we can see that the predicted temperatures from the model are very close
to the data. This is confirmed from Figurg there theY values for both the thermal mass
temperature and the coolant otittemperature are strong, especially considering the
discontinuities in the combined dataset. Finally, Fig@&sHbws small values for the error for
both the thermal mass and the coolant outlet temperatineth&rmal mass has a biasewr

distribution, but the small magnitude of the error makes this model acceptable.

The final analysis of the tuned model consists of determining if the calibrated parameters
are reasonabl e physical val ues and testing th

calibration process. The tuned parameters from the optimmzatgorithm are shown in Table 4
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Table 4: Tuned Parameters of Motor Controller Thermal Model

Parameter Initial Guess
00 363.2J/K
Yo 143.9W/K

a 1.875L/min
a 0.1995kg

The changes are small from the initial guesadsch werebased on the physical system
for all parameters except the coolant flow rate. This change is reasonable however, as the
coolant flow rate in the actual bike was uotm and is possible that it was much lower than the

recommended flow rate.

Race data from PPIHC 2017 was used to comparkeitieel thermal model tata not
used in the calibration process. At PPIHC in 2017, the battery pack dropped to a low SOC
towardsthe end of the race which made the motorcycle powetdd. Since reaching the
temperature limit in power limited situation is unliketliis portion of the data was discarded for

the comparison. Thidata set is shown in Figur@.1
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Figure 19: PPIHC 2017 Data used for Model Analysis

This datasecontains all the required data for the thermal model to predict the
temperature. The parameters found by the optimization algorithm and listed in Table 3 were
used to predict the temperature of the motor controller under this power demand. Thanmesults

shown in Figur€0and the error correlation plots are shown in Figirand22.
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Optimized Inverter Model vs Experimental Data
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Thermal Mass Model Error against Data
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Figure 222 MCTM Error Didribution Plot

These figures confirm that the thermal model is predicting the temperatures of the motor
controller accurately. Figur20 shows the thermal mass is beinggticted very accurately and
the coolant outlet temperature is initially different from the collected data, but this is likely due
to the slow time constant of the coolant outlet temperature sensor. Eighiews a stronyy
value for the thermal masbut the errors introduced by the temperature sensor measurement
lead to a small value for the coolant outlet temperature. Finally, Figdshows the error

between the model and the measured data is small and normally distributed.

Based on thanalysis of the tuned parameters values, the error correlation plots, and the
predicted temperatures from the thermal model, this single node motor controller thermal model
is very accurate with a fast computation time. The complete motor controlleatirecdel

with all its parameters is summarized in Appendix A.
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Electric Machine Calibration

For the entire history of the teaBuckeye Currenhasused axial flux motors rather than
radial flux motors. The internal geometry between these two machkidéferent and they
require different thermahodels ashe heat transfer within the machines is different. The motor
chosen for the IOM in 2020 is a radial flux motor, so the thermal data previously collected by the
team isnot valid for calibration othe motor thermal model. Also, the motor has been ordered
but hasnat arrived, so no thermal data from testing is available. Therefore, only data provided
by the electric machine manufacture datasheet is available to determine the parameters of the

motorthermal model.

All electric machines have a peak power rating and a continuous power rating. Peak
power is the maximum amount of torque that can be produced by the machine at any given
rotational speed, while continuous power istdrgue the machineaa produce at any given
rotation speed without overheating if the cooling conditions match those specified in the
datasheet. For the Parker GVM 2100 motor with 50/50 water/glycol coolant at 60C inlet
temperature, the continuous and peak power tesge@ curves are shown in Figur8.2Parker
also provided the losses of the motor at any given tesgaeed operating point. Theskes of

the machine at the continuous power operating panmgshown in Figure4f2
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The continuous power curve prdes a series of steady state operating points for the
electric machine. Therefore, these points can be used to tune the unknown parameters in the
motor thermal model if the equations describing the model are simplified to steady state

equations. The sinfified equations are:

Tt P | r'] 388 NYb Y Y
T | N Yo Y Y
Ns (13
Y8 Y Y ATYS Y Y STYE Y TY
this results in four unknowns; "Y, "Y, "Yd . The rest of tb parameters are provided in [11] and

summarized in Table.5

Table 5: EMTM Parameters from Datasheet

Parameter Value
Yo 18.1818 J/K
Yo 50.2513 J/K

Y p T&I3

The value of"Yis the specified temperature of the winding when the motor is operated at
its continuous power level. The values™® andY0 were determined by the inversetbé

thermal resistance between the winding and the stator core astdttbrecore and the coolant.

In steady state operatioal] the heat generated must exit through the cootandn

additional equation can be generated:

Ng YO Y 7Y j (24
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This results in a system of four nonlinear constrained equations with four unknowns. The

constraints on the equation are atésed by the following

m | pNTYd AY,Y T (15)

The distribution of heat,, must be betwen 0 and 1, since this is a percentage and the
heat transfer coefficient between the rotor and stator taie, the temperature of the stator

core Y, and the terperature of the rotofy, all must be greater than zero.

These equations were solved at many different continuous power operating points to
generate a lookup table of heat distribution and heat transfer coefficient between the rotor and
stator depeding on the electric machine rotatiospkeed. As the rotor increasegotational
speed, greater losses are produced in different portions of the motor and the air becomes more

turbulent which increases the heat transfer coefficient.

To solve this nolinear system of equations with constraiatsonlinear leastquares
solver in MATLAB, Isgnonlin was used.The mathematical setup for this optimizatiofike
the setup for the motor controllerhis solver gave the following solutions with respectnotor

RPM for the parameters:
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Figure 25. SteadyState Paraeter Solutions for Electric Machine
The solution to theteady state equations gaeasonable parameter values. The
distribution of heat generation initially starts at 1 then decreasesiinimum of 0.25. This
matches expectatiors the initially tle losses are completely concentrated in the resistance of
the copper winding, but as the rotor speed increases additional losses are generated from the
friction drag of the bearings on the rotor and eddy cusigegnerated from the rotating
permanent magme The overall heat transfer coefficient is initially very small as there is little
airflow between the rotomal stator core and increasedlasrotational speed and turbulence
increases. Finally, the values for the rotor temperature and housinga&umpare very

reasonable considering the known steady state operating temperature of the winding.
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The final portion of the electric machine thermal model that must be determined is the
transient behavior. The datasheet provided the time constantsnodtitiewinding and the

motor housing.These valus are listed in Table.6

Table 6: Time Constants for Electric Machifiel]

Component Time Constant(min)
Stator Winding 2.5
Stator Core/Motor Housing 9.3

Using these, the valuésr 6 and6 can be determined by solvinget energy balance of these

thermal nodes from Equationf@ the time constants.

Table 7. EMTM Heat Capacities

Component Heat Capacity (J/K)
Stator Winding0 2727
Stator Coe/Motor Housingp 49000

The last unknown in the thermal model is the time constant for the rotorwasiscaled
based on the time constant from a motor presented in liter8ur&lie complete electric

machine thermal model withll its paraneters can be found in Appendix A.

Radiator Calibration

Thecooling system data the Buckeye Current teaitected in the past thagpturedhe

inl et and outlet temperatures of the cool ant

47



radiator pacement for RWA. The differences in the radiator placement is shoviigures B

and Z.

Figure 27: RW-4 Radiator Placement
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In RW-3, the radiators were placed below the seat with fans mounted above them. This
gave a constant air velocity over the radiators. The corsgaet] fanprovide a very specific
operating range and woul dndét provide &, range
the radiator is placed in the front of the motorcycle, so the velocity over the radiator varies with
vehicle speed. This the typical radiator position for motorcycles. Most motorcycle
manufacturers produce their own radiators, so thermal data is unavailable. Therefore, thermal
data for an automotive radiator supplier must be used to tune the model until testing data is

available

The supplier data is steady state operating points for the radiator. Therefore, the radiator

model describegreviouslyby Equation 4 must be simplified to steady state conditions:

- 0a "W
0 o i Y B b,ﬁ YUY 8 ———— Y Y (16)

where0 is the rate of heat transfer through the radiator. This equation can be manipulated to

expresshe heat transfer with respectdy, Y :

5
6 ——— = Y (17

The only unknowns in this equan are he predictorsd i PA T @ . Theseare linear as they are

never multiplied by each other.
To solve for these coefficients, the Linear Least Squares method is used:
0Dz202072® (18)
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where” is a vector of the parametei®,js a matrix of the measured independent variables, and

wis a vector of the measured dependent varidbde.the predictors in the radiator model, these

values are defined as follows:

Y op Il
: (19

|
<
o O

o
O
[P}
[P}
8‘ O 8' ©
B

where the variables used'®and®are a subset of the measured data used for calibration of the

parameters.

To verify the accuracy of the model, the calibrated model was compared toilalblava
data based on the following variables: exit temperature of the coslanexit temperature of

the air 3 , heat rejectionQ®, and effectiveness of the radiator. These variables are defined

in the following equations:

- v 0 (20)
h h a4 o
. 0
Y q Y i a4 or (21)
T Y R Y R
“Yh Yo (22
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The error correlation and statistically distribution of the error for these metrics are shown:

Model Prediction [kW]

Model Prediction [C]

Model Prediction against calibration data: Q dot
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Figure 29: Radiator Error Plots for Coolant Exit Temperature
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Figure 30: Radiator Error Plots for Air Exit Temperature
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Model Prediction against calibration data: Eta
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Figure 31: Radiator Error Plots for Eta

The model had the best agreement with the data for the outlet coolant temperature. The
error distribution was lised towards the model overestimating the temperature, b5 the
low and theY value is close to 1. The heat rejection was accurate for low heat rejection but the
inaccurate at higher heat rejections, where the model overestimated the heat rejection. The exit
air temperature appeared to have a slight correlation in thebdatayerall had a good fit.
Finally, the effectiveness of the radiator shared a similar correlation to the exit air temperature,
since it is dependent on this, but again had a dé¢ewalue. The fact that the model was most
accurate for the coolaekit temperature is important, as this is the most critical of the

parameters for the performance of other components in the cooling system.

The predictorsp 5 PA T & for the radiator using thidata set are listed in Table 8
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Table 8: Radiator Predictors

Predictor Value [O &;r?
0 TBITImp T
0 P& ¢ p T
0 T TT X

This model has been tuned with high temperature coolant at low face velocities compared

to a motorcycle radiatorTo verify the performance of the radiator model, inlet and outlet

temperature data collected from PPIHC for the motor controller was used, along with scaling the

radiator to the appropriate size and setting a constant face velocity, which the radiators3on RW

sav from the fans mounted in the tailhe outlet temperature data from the radiator onRW

was collected from within the coolant reservoir, so the radiator and reservoir models were

combined to test the performance compared to experimental data. Theteae shown in

Figure32.
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Radiator Model vs Experimental Data
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Figure 32 Radiator and Reservoir Validation

Large errors were seen between the model projected temperature and the measured
temperature. These errors are likely due to errors in the data collection process. The temperature
sensor used in RYY had a long timeonstant and was inaccurate at ambient temperati8es [1
To prevent these limitations for R, an appropriate temperature sensor has been chosen.

These temperature measurements would also lead to errors in the motor controller thermal model
as the truénlet coolant temperature for this model was likely greater than the data suggested.
However, if the true inlet coolant temperature was used to calibrate the model, then to maintain
the same heat rejection, the heat transfer coefficient between thet@madahe motor controller

would need to be greater. Therefore, this error leads to the model being slightly conservative and

underestimating the heat rejection.
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To validate the radiator model, additional data will need to be collected from testing wit
RW-4. However, the heat rejection from the Buckeye Current electric motorcycle is
significantly less than for a typical ICE motorcyced becausthe radiatois sized for this
higher heat rejection, #ghould be adequately sized. The pdete radiabr model with allits

parameters can be found in Appendix A.
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Chapter 5: Design Optimization

Buckeye Currentdos Simulation Tool s

To predict motorcycle performance, Buckeye Current uses apaiss, longitudinal
vehicle simulator that attengpto follow an ideal velocity profile while subject to physical
limitations such as aerodynamic drag, rolling resistance, and elevation changes. By simulating
the motorcyclé performance with specific powertrain components, the team can determine
energyrequirements, estimated lame, and aerodynamic requiremeni$ie development of
this tool is outside the scope of this work, but it provides a current and power demand profile fo
the electric machine, the D@ voltage and motor RMS current for theahrejection in the
motor controller, and face velocity for the radiator. Thereftwetltermal models that have been
developed in this work can be integrated into this simulation tool to predict the temperature rise
of these components during the radée thermal model of the motor controllessteen tested
against data not used in the calibration process and predietieiperatures accuratelilo
thermal data is available to validate the electric maahimadiatorthermal moded. This data
will need to be collected during testing of RAV With these limitations, the thermal models can
be used as a guide to suggest trends itetin@eratures of the components and once data is
collected by the Buckeye Current team and the modelsadidated, they can be used for more

detailed control strategy design and race performance prediction.
Cooling System Design

The thermal models of the components were implemented in Simulink and then added to
the vehicle simulation. To determine the regmentsforRWA 6 s cool i ng system,

cooling system configurations must be evaluated. The potential configurations are either a sing|
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loop cooling system witthe electric machine first or the motor controller first, or separate
cooling loopdor both the electric machine and the motor controller. A single cooling loop
would reduce complexity of the coolisgstem design, so thistise preferred arrangementhe
required flow rate from the electric machine and motor controller datashespaafed at 8.0
LPM. To reduce the change in coolant temperature and maximize convection between the
components and coolant, a 10 LPM flow rate will be ug&dally, alternative initial conditions
and powertrain control strategies will be exploreddtermine theffect that power reduction

has on the trends in component temperatures.

The combined cooling circwvas tested with both possible configuratiomstor
controller first and the electric machine firstDiagrams depicting the flow of coaiithrough
these two configurations are shown in FiguBe Bor optimal thermal performance, the electric
machine and motor controller were prechilledtt® 8 The initial temperature of the coolant,
which is pure water, was setd@ . With these ini&l conditionsthe predicted performance for
the motor controller, electric machine, aradiatorfor each configuratiors shown in Figure84

and 3.
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Electric Machine Thermal Performance
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Figure 34: Combined Loop, Electric Machine First (a) Electric Machine Thermal Performance
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In both combined loop configurations, the electric machineesiscg maximum
operating temperature while the motor controller deseach the recommended thermal
limitation, B . Therefore, a combined cooling system is feasible with the motor first to reduce
thermal limitations.The projected stator winding temperatures of the electric maghinkly
increasessthe power level the machine is operating greatly exceedsntsuous power
rating, but thermal data from dynamometer testing will determine if these projected temperatures

are reasonable.

The large time constant for the electric machine stator core and housing prevent
significantheat rejection to the coolamarticularly at the beginning of operation when both
temperatures are near ambient. Also, the large amount ajéreatationn the windings cause
their temperature to increase gndjects them texceed the maximum allowable operating

temperaturep Y 3t. To prevent the motor from exceeding this temperature

While operating at full power, the motor reached its maximum allowable operating
temperature prior to completing the race. The maximum temperature was exdead@j500
meters had been tralkedwhile the Isle of Man circuit is approximately 60,000 meters long.
Therefore, power limiting control strategies were explored to determine the magnitude of their
effect on thermal performanc&he percentage of maximum power allowed was reduced usin
the low initial temperature cooling conditions until the winding of the electric machine remained
below its maximum allowable operating temperatoreghe entirety of the racelrhe electric
machine was limited to producing 80% of the maximum torqusilplesto reduce losses. The
change in operating points from this control strategy is shown in Figure 36 whiteethwal

performance of thpowertrain is shown in Figuréer3
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Figure 36: Electric MachinedPower Limiting Strategy
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(b)
Figure 37: Limited Combined Loop, Electric Machirtérst (a) Electric Machine Thermal Performa
(b) Motor Controller Thermal Performance
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