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Thermal management energy consumption has crueEGgt on the range of an electric
vehicle [1]. This requires optimal use of availatilermal energy while meeting cabin
comfort and component temperature requirementsorfsiacy loop systems are a
promising approach in order to meet these requingsnehile reducing refrigerant
charge and simplifying the vehicle front end. Baseda simplified drivetrain model
heat losses are estimated. Using first order thiemmags models and typical component
temperature constraints, energy surpluses and ewefgcits are calculated. Based on
temperature levels and energy balance a centrajegdtion unit is then used to provide
additional heating power (heat pump) or cooling poWfAC mode). An ambient
radiator is used as heat sink if required. Simafatesults for two different drive cycles
show necessary heat flow rates between componedtheee cooling cycles for typical
thermal management use cases. The energy flowbaded thermal management
approach remains without further specification ofheating and cooling system
(including pumps, valves, heat exchangers and ralelseaters). Therefore presented
results can be used for system design or lay thedation for development of control
strategies.

NOTATION

EM Electric machine CC Cooling cycle

PE Power electronics HC Heating cycle

BAT Battery LC Low temperature cycle
CHRG Charging device

AMBX Ambient heat exchanger CAB+ Cabin heating

COP Coefficient of performance CAB- Cabin cooling
INTRODUCTION

Traditionally the main goal of electric vehicle tival management is to protect
powertrain subsystems from overheating. A more ggngew would be to consider
climate control (including safety functions suchdefrosting and defogging) as part of
the thermal management system. So that the terennidd management”, in this case,
refers to the total number of all cooling and hsgatsystems including component
cooling, component heating and the HVAC (heatiregntiation, and air conditioning)
system. A schematic overview of a typical thermanagement system for an electric
vehicle is shown in figure 1.
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Not always thermal management is considered astarconnected system in vehicle
thermal management, but instead dedicated coolaps| for each subsystem are
developed. Much focus has therefore been drawnsolated systems, instead of a
holistic approach, that can potentially benefitnfr@ynergetic effects by combining
cooling and heating loops [4]. Secondary loop systience focus on these benefits.

Figure 2 shows a secondary loop system with a comgperigeration cycle and a
secondary loop flow distribution unit. This work irtended to study thermal energy
flow on an abstract level assuming a similar seaontbop system.
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Figure 2 — Thermal management using a compact refrigeration cycle and
secondary loop flow distribution unit



1.1 Electric Drivetrain

Thermal losses of electric drivetrain componenssiltein heating of components. This

could potentially lead to overheating. To avoid invating a cooling system ensures
that the maximum component temperatures are naeebecl. In case of the battery a
given minimum component temperature can also redu#ating. Figure 3 illustrates a

simple scenario for common temperature limits: \Whgbwer electronics and electric

machine usually tolerate a wide temperature ratfye,battery temperature must be

maintained within narrow temperature bounds. This lecessitate to heat the battery if
its temperature is too low. In general, typicaltba¢s operate best between 10°C and
30°C [5].
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Figure 3— Component cooling and heating

1.2 Air conditioning components

Usually the air handling unit is composed of a feathanger dedicated for cooling and
a heat exchanger dedicated for heating, a blowdrvamious air flaps. This allows
heating and cooling of the passenger compartmewelsas dehumidification of inflow
air in a process called reheat. During reheatsafirst cooled close to 0°C in order to
expel saturated water and afterwards reheated afoco temperature. Contrary to
conventional A/C systems the described systemaisesondary loop heat exchanger as
cooling device. Therefore, no refrigerant is emigrihe interior of the vehicle. This is
done by providing cold and hot coolant for cabiativey and cooling.

1.3 Primary loop cycle

A refrigeration cycle is able to move heat fromoaér temperature level to a higher
temperature level using mechanical work. It carrafige be used as a refrigeration
device for cooling or a heat pump device for heptiepending on the perspective. In
automotive application the refrigeration cycle isintly used for air conditioning.
However, for electric vehicles in many cases wdmstat is only available at lower
temperature level because the overall drivetrdigiefcy is much higher compared to
conventional vehicles. Therefore, both heating @aling are required applications for
a refrigeration cycle.

The vapor compression refrigeration cycle contaimslectrical driven compressor, an
(indirect) condenser, an expansion valve, an (@udjr evaporator and a refrigerant
accumulator. Using a simple and compact refrigenattycle allows reduction of
refrigerant [6] and hermetic encapsulation. “Indifeefers to the fact that the compact
refrigeration cycle only provides hot and cold @mtlas secondary fluid. This means
that all connection logic has to be implementedabgoolant distribution system. In



order to identify the necessary topological confagions, this work focuses on
simulation of an electric vehicle thermal managensystem based on thermal energy
flow rate between subsystems using simplified madel

METHODOLOGY

All simulations are carried out using a simplifipdwertrain model, similar to [7], to
calculate powertrain losses and an energy flow based thermal management model
based on first order thermal masses and time-dep¢rsdlution of the energy balance
equations in MATLAB/Simulink. HVAC requirements amalculated by assuming
heating and cooling loads of a standard size pgsserar with comparable comfort
requirements as a conventional vehicle heated bylbsses from a combustion engine.
Simulation of (temperature dependent) drivetrairssés is decoupled from the
simulation of the thermal management system. Soradefe might be unsuited for
general statements on energy consumption due tsioydification. The main focus
here is to describe required heat flow on a funddatdevel. This justifies the use of
such simplified models.

The simulation is performed for two different sceos with different thermal
management requirements: A winter scenario at geetamperature of -3°C and a
summer scenario at average temperature of 31°Gotlm cases the battery is charged
for 45 min. After 60 min a Motorway-150 CADC (Comm@drtemis Driving Cycle) is
repeated three times resulting in a drive cyclé8fmin at 100 km/h on average.

SIMULATION MODEL
A compact electric vehicle with a range of 150 kma @n average energy consumption
of 15 kWh/100 km is assumed. Basic vehicle pararaetee summarized in Table 1.

Vehicle
Parameter Unit Description  Value
m, [kg] vehicle mass 1750
f [ friction coefficient 0.01
Trire M) tire radius 0.3125
cw [ air drag coefficient 0.27
A [m] frontal area 2.23
Ngear [ transmission rate 5.66
Environment
p [kg/md air density 1.0133
v, [m/s] wind speed 0
g [m/s] standard gravity 9.81

Table 1 -Assumed vehicle und environment parameters

The simulation model is broken down into three ssaBimulation of drivetrain losses,
simulation of HVAC requirements and simulation lo¢ thermal management system.

3.1 Drivetrain model and thermal losses

Figure 4 shows the powertrain components of artredecehicle, including one or more
electric machines (EM), power electronics (PE) arfdgh-voltage battery. All of these
components have in common that their efficiencyratizristics and therefore thermal
losses vary depending on component temperaturepamer requirements.
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Figure 4 —Overview drivetrain model

The power requirements for each component are le#édcl based on the power
requirements of the previous component. Feedbatkele® components, that ensures
that power requirements by one component can bebgnéte next component, is not
considered. Plausibility checks show that for thensidered drive cycles each
component is able to deliver the required powehidle speed,,, acceleratiom, and
slopea are given by the drive cycle. The overall driveistance force is calculated by
the sum of drive resistance forces [8]:

Faneran = f 00, (g B0S@) +m, [ 5in@) + ¢, A% (%, +w, ) +ma,

Froll Felev Fair Facc

where F,.,;; is rolling resistancefF,,,, is resistance caused by road sloBg, is air
resistance and.. is resistance due to acceleration or deaccelerattechanical
power requirements are given W= Firivetrain * Vy- FOr tire radiusrg,. torque

M = Fyrivetrain * Ttire @nd rotational speed = 2x - 1,4, are then calculated. A fixed
transmissiomy,,, of 5.66 is assumed resulting in a higher rotatispaed and reduced
torque. Based on efficiency maps= f(n, M) for a synchronous electric machine and
power electronics of a 100 kW drivetrain the regdipower drawn from the battery is
estimated (Figure 5 a/b). Values for vehicle patansen,, f,c,,A and environment
assumptiong, p, v,, are given in table 1.

Based on the power each component provRies,..q and the efficiency, (thermal)
power 10SsP,s5 (Qoss) and required POWER,..q,,ireq are calculated.

Poss =(1—8)/e- Pprovided = Qoss

Prequired =1/¢e- Pprovided
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Figure 5 — Efficiency maps and thermal power losses witheapowertrain [9]



A 26.5 kWh lithium-ion battery pack with 3 parallhcks of 84 series-connected cells
is assumed (table 2). For the battery an equivaletuit-based battery model is used

Vo = Voc = IaRine = f(SOC) — IgRint(Tpat, SOC)

where output voltag&, depends on open circuit voltage. and an equivalent internal
resistanceR;,;;.

Battery
Parameter Unit Description Value
Type Lithium-ion 3p84s
C [kWh] Capacity 26.5
S0c, [-] Initial state of charge 0.65

Table 2 - Assumed battery parameters

While internal resistance depends on average eelpératurd’z,, and state of charge
S0C, cell temperature in turn, varies with batterternal state and external stress [10].
Any battery operation generates heat due to intessastance when the cell delivers
power to electric loads or is charged. These losarde calculated from

_ 2
Ploss - Id Rint-

Moreover, additional auxiliary loads of 450W areswased for e. g. ECUSs, lighting,
entertainment. The charging device efficieagy,, is assumed to be constant at 0.92.

3.2 Thermal Component Model
A simplified lumped first order model is used. Tb@mponent temperaturg, (t) is
given by the differential equation

mcpm ATy (t)/dt = Q = Qg;s + Qadd/rem + Quoss

wheremc,, , is the thermal mass of the componéh;q /. is added or removed heat

by the thermal management system &pd. is thermal loss of the component caused
by non ideal operation. Dissipation losses to th@renmentQ,;; are estimated with
overall heat transfer coefficiektand area from

Qais = kA (T, — Tp).
The temperature of the thermal mdsshas to stay within given boundaries:
Tmin < Tm < Tmax

Temperature boundaries, thermal masseg and heat transfer coefficieritd are
given in table 3.

Component Tmin [°C] Trex [°C] mc, [J/K] kA [W/K]
Electric machine -30 65 60000 1
Power electronics -30 85 2000 3
Battery -5 35 130000 3
Charging device -25 70 2000 4

Table 3 —Allowed temperature range, thermal mass and haasfeer coefficient



3.3 Cabin heating and cooling demand
Cabin heating and cooling demands are calculateddban a first order cabin model.
Only loss to the environme,; and heating or cooling effof,,,,. are considered.

chab (t)
dt

Quoss(t) = kAcap (Tcab ®) — Tamb)

Equivalent thermal capacity of the cabinc, .., =123 kJ/K and heat transfer
coefficient between cabin and environméut,.,, = 90 W /K are estimated based on
simulation data from a higher order simulation molfass flow in and out of the cabin
Is captured implicitly. During “ignition on” (z =)lthe heating and cooling powey, .
that will drive T,,, towards the comfort temperatui®,,s,,. is modeled by a PI
controller

Quoss(t) + Z * Qppac(t) = MCy cab

Qnsac(®) = Kyle®) + - | (@) - )

l

with errore(t) defined as

e(t) = Tean(t) — Tcomfort(Tamb; D ymp)-

Controller parameters are chosen to meet typicalaghyc heating and cooling
requirements. Different gaing, for heating and cooling K, s.qting = 286 and
Ky cooling = 212) are chosen to consider different dynamic behavibrring cooling
and heating. The integral time is setTio= 1400 s. Based on ambient temperature,
humidity and solar radiation the comfort target pematureT, .. and the coolant
side temperature levél,;, at which heating or cooling is provided are cated using

a model of an air conditioning control unit.

Tcomfort = f1(Tamp> Pamp)

Teap = f2(Tampr Pambr Pamp)

3.5 Thermal management strategy

The thermal management concept is based on themeagy flow. At each time step
the optimal energy flow is calculated assumingdjesiate. Heat is transferred between
components and coolant cycles. Each coolant cyclbalanced to net power of 0.
Coolant cycles are divided into three sub cyclesteating cycle (HC) corresponding
to the hottest system temperature — usually thandaater, aooling cycle (CC)which

is connected to the ambient heat exchanger andwatemperature cycle (LC)
corresponding to the lowest system temperaturep@iertrain components (on board
charging device, battery, power electronics, eieatrachine) can be included in the
cooling cycle for “passive cooling” or in thdow temperature cycle for “active
cooling”. Electric machine and power electronics edso be included in thieeating
cycle as heat source for cabin heating depending oruhent temperature level and
heating/cooling requirements. It is assumed that tttermal management will only
actively interfere when maximum or minimum allowtedchperature are reached.
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Figure 6 - Possible energy flows between components and mooyales

During passive cooling (not to be confused with s§ae” air cooling) coolant
circulates between components that must be coalddan outside air heat exchanger.
During active cooling the refrigeration cycle iedsas heat sink. Active cooling allows
cooling of components below ambient temperatuyge Active cooling is also required
for air conditioning by providing coolant below arabt temperature for the cabin
cooler. In heat pump mode the low temperature cyelges as heat source for heat at
low temperature, which is then transferred to daéigemperature level.

The thermal management system remains without durspecification of a technical
realization which would consist of pumps, valvesathexchangers, heaters, expansion
devices and a compressor. A purely energy flow dapproach allows to derive basic
understanding of the thermal demands of an eleetfiicle being true for a wide range
of systems in contrast to an approach solely suited specific system. In order to
capture essential effects of thermal managemenfotlowing assumptions are made:

« Each component can only be associated with one cpalant cycle.

« The cooling cycle is always associated with the ianttheat exchanger.

« The condenser of the compact refrigeration cycl®TMHis either connected to the
heating cycle or to the cooling cycle.

« The evaporator (COLD) is always connected to thetEmperature cycle.

« Cabin heater (CAB+) and cabin cooler (CAB-) areafs/connected to heating and
low temperature cycle respectively.

* When sufficient heat is available by thermal lossesomponents inside the
powertrain, heat from the hottest component is @igedabin heating.

« Arefrigeration cycle (A/C) is used for cabin cajior (active compressor) battery
cooling. Abundant waste heat is dissipated to thvrenment by the front cooler.

* When component temperature is high enough, wasteifidirectly used for cabin
heating if necessary.

« No heating/cooling is done until min./max. allowtedhperature is reached.



Table 4 summarizes the criteria.

BAT EM PE CHRG CAB+ CAB- HOT COLD AMBX
Battery  El. MachinePower. Elec. Charger  Cabin heat. Cabin copl. < COP-> Cooler

Heating Active Heating with{Heating with|Heating with Heating heat
Cycle battery EM PE CHRG (reheat) source
(HC) heating Tuc <Tem | Toe < Tpg | Toe < Terug | Qnear > 0 (heat

Tgar < Ty |d€ficiency HC [deficiency HC |deficiency HC pump)
Cooling Passive Passive Passive Passive heat heat sink
Cycle Cooling cooling cooling cooling source
(CC) TBat > Tmax TEM > Tmax TPE > Tmax TCHG (A/C)

TBat > Tamb > Tmax
Low Temp. |Active Heat pump |Heat pump [Heat pump Cooling heat sin
Cycle cooling (reheat)
(LC) Taat > Tmax |d€fiCiEncy LC |deficiency LC |deficiency LC Qeoot > 0

TBat < Tamb
None Circulation |Circulation |Circulation |Circulation |Cooling onlyHeating only

Tmin < Teat | Tem < Tmax | Tre < Tmax Tene Qneat =0 Qcoor =0

< Tmax < Tmax

Table 4— Criteria for assigning a component to a certailant cycle

Required heating and cooling demand for each coemois calculated at every time

step from

Qrem = mcp,m(Tm - Tmax) WhenTm > Tmax

Qaaa = mcp,m(Tm — Trin) WhenT,, < T

Dynamic behavior is derived from the steady stagrhal management model by only
transferring 10% of the required heating or coolilegnand. This can results in violation
of the temperature constraints (figure 7), but givesults closer to a real system. The
primary loop cycle is used for balancing missingtivgy and cooling demand. The
mutual relationship between heating powey,;, cooling powerQ.,;; and compressor
work P,y for the refrigeration cycle at steady state isegivy the steady state
coefficient of perfomance (COP):

Qnot = COP - Pcomp andQcoq = (1 +COP) - Pcomp

Qhot = COP/(l + COP) " Qcota-

Therefore, a given coolin@.,;,4 or heating load?,,; (depending on demand) will
result in a certain heating or cooling power thaistrbe considered. Primarily the COP
depends on the temperature levels between whichefngeration cycle is operating.

For this work a simplified linear relationship isad

COP = 3.509 — 0.0494 - T, + 0.0461 - T,

whereT, is the inlet temperature of the condenser&ni@ the inlet temperature of the
evaporator. Coefficients are derived from steadtesineasurements performed with a
comparable refrigeration cycle.



RESULTS

Simulation results for the hot summer scenariostu@wvn in figure 7. The first graph
shows the vehicle velocity with time frame for aiijag and driving. While driving the
“ignition on” signal indicates the start and endlod drive cycle. The next three graphs
show the ambient conditions with 31°C temperat@&9bo relative humidity and 329
W/m? sun radiation.
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Figure 7 — Simulation results for the summer scenario

Thermal power train losses for battery, power etetts, electric machine and charging
device are shown in the next graphs. Next the sththarge (SOC) is shown. After
charging the maximum allowed amount of energy asest in the battery at a SOC of



85%. During the drive cycle the battery is discleargto approximately 24%.

Subsequently cabin temperature (together with ambbtemperature and comfort
temperature) is shown. The last three graphs cempie temperature of the drivetrain
components. Maximum/minimum allowed temperaturesiadicated as well. Starting

at approximately 25°C all components reach theiximam allowed temperature with

power electronics first, then electric machine nthattery. The charging device only
heats up during the 45 min charging period. Duthmg period the charging device is
cooled most of the time.
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Figure 8 — Simulation results for the winter scenario

When the maximum allowed temperature is reacheztltermal management system
draws heat from each component so that componemei@ture stays at maximum



temperature. Simulation results for the cold wirdeenario are presented in the same
order (Figure 8). It can be seen that componentuyeé delayed. This is mainly due to
cabin heating requirements that result in a utilira of waste heat either as low
temperature heat source for the heat pump or dssbeece that can be used directly at
high temperature level.
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Figure 9— Overview of operating modes for the summer sgéenar

Different cooling requirements and component coon# result in different thermal
energy flow requirements during the drive cyclee3én operating modes are shown in
figure 9. Figure 10 shows the active operating modéuding cooling of the battery
charger between 0:00 and 0:45. The drive cycl# is@ighlighted as “ignition on”.
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Figure 10- Operating modes over time summer scenario
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Accordingly figure 11 and 12 show required therea¢rgy flows and operating modes
for the winter scenario. Cooling of the battery rgfiag device is included as well

(operating mode H). Operating mode | for both sdesaepresents an idle case where
no thermal management is required.
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Figure 12 -Operating modes over time winter scenario

The percentage share of each operating mode is givéigure 13 and 14 for both
scenarios. As well the total sum of active timedach operating mode is indicated. Idle
mode (I) is excluded from the calculation of petege share.

During the summer drive cycle operating mode ACBand F are relatively rare with
accumulated active time below 1 min each. Operatiogle G is mainly observed. It
represents cooling at very high load. Beside adiattery and cabin cooling, cooling of
power electronics and electric machine is requif@dring the winter drive cycle

different usage of components can be observed.ekample power electronics and
electric machine are used as low temperature loeste first (K, L) and later as heat
source at high temperature (M, N). For both scesadharger cooling is the most
common operating mode due to a long charging period
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DISCUSSION

The results indicate that many topological confegians can be useful and are practical
use cases for vehicle thermal management. Howsaaluction of complexity should be
an important goal. Therefore, not every operatirmglenmust or should be implemented.
The results clearly show that some operating made®f higher importance compared
to others. Especially operating modes with low @iy of occurrence (e.g. A-C, F, J
and M) must be checked for necessity. Also not\eesrergy flow rate configuration
must result in an individual piping. For examplemiost cases (e.g. heat pump mode)
power electronics and electric machine can be esutaied in one reconcilable unit.

CONCLUSION

Based on simplified models drivetrain heat lossed #ermal requirements for cabin
comfort are estimated. Using first order thermaksnenodels and typical component
temperature constraints, energy surpluses andedefgits are calculated. A heat flow
rate based thermal management strategy then trarfséat between components and
three coolant cycles. Simulation results for aistial winter and summer scenario are
presented. Up to 14 useful operating modes ardifgehand importance is prioritized
by calculating the total active time of each opagamode. The results remain without
further specification of a heating and cooling systdesign (including pumps, valves,
heat exchangers and electric heate®jviously, the provided results depend on the
assumptions that are made. Thermal capacity of oaemts, different driving behavior
and drive cycles will result in new operating mades

The main goal of a heating and cooling system ghballow cost and low complexity
as more topological states result in higher switghtime, more complex control
schemes and finally more development and testimg.tiTherefore, more advanced
studies should focus on overall system performaviten selected operating modes are
prohibited in order to reduce system complexity.rtfiermore focus of further
consideration will be a holistic evaluation inclngi statistical profound driving
behavior and weather conditions. Especially the memof operating modes will
increase when reheating and more driving scenanesincluded. However this will
reflect the overall distribution of operating modasre accurately and result in more
representative result for overall system energyoomption.
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