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Abstract ing. Lithium plating is associated with fast charging of

i ) ) . a_cell (over 0.5C, where 1C is the the current required
One of the challenges concerning electric vehicles is thﬁircharge the cell in one hour) and so can be avoided by

performance in cold climates. As the temperature drogs,ging slowly and reducing the power harvested through
below 10 C battery capacity begins to reduce and heatigyenerative braking. Power reduction has also been a
demand starts to claim a larger proportion of total vehicncern when operating cells at low temperatures. Rui
energy expenditure. Although ef cient, eIectric v_ehicleequi et al., 2011), Zheng (Zheng et al., 2016) and Jague-
waste heat through a few components, resulting in 0ppR{ant (Jaguemont et al., 2016) concluded that the primary
tunity to harvest waste heat through a heat pump. Withse of power capability reduction was due to an increase
multiple options for harvesting heat and the option to h‘%ﬁtcharge transfer resistance. However, it has also been
the battery, a model and architecture has been develogggyn that for a typical pack sizing, a 70% reduction
to give exibility in a wide range of thermal managemenyfy hower can be sustained while the vehicle is still able
scenarios. This paper explores the details of the model @G(Eomplete usual drive cycles (UDDS, HWFET, US06)
presents two example cases of interest to demonstrate(%ena et al., 2015). Re ecting on this literature, pre-

model's applicability. cautions are built into the model to take account of power
Keywords: Electric vehicle, thermal management, hegljyction and increased ageing.
pump The biggest concern regarding electric vehicle opera-
. tion at low temperatures is the reduction in range associ-
1 Introduction ated with reduced capacity. Much research has been pub-
With electric vehicles beginning to take a larger markbshed reporting cell capacity as a function of temperature
share of new vehicle sales, one common concern of el@gd some examples are summarised in Figure 1 which dis-
tric vehicle drivers is the choice they may have to makeRigys the work of Nagasubramanian (Nagasubramanian,
low temperature between heating and range (Allen, 202901), Zhang (Zhang et al., 2003), Ji (Ji et al., 2013),
Bullis, 2013). Operation of electric vehicles below €0 Jaguemont (Jaguemont et al., 2014), Dow Kokam (Dow,
is hindered by the effect of low temperatures on battery ¢410) (manufacturer) and Panasonic (Pan, 2012) (manu-
pacity and the increased electrical consumption causedgturer). The general consensus reached through this se-
cabin heating (Meyer et al., 2012). The combined effdg€tion of work is that cell capacity decreases by approx-
of decreased battery performance and increased healfigtely 20 40% at 20 C and by as much as 70% at
demand gives a range loss of up to 60% &0 C com- 40 C.
pared to 20C. Heat pumps are slowly being introduce
as a solution to this problem; however the exibility o
heat pumps creates an opportunity for new, innovative apgbin heating is the greatest non-powertrain consumer of
complex thermal management solutions, with many opehergy on a vehicle at low temperatures (Lindgren and
ational modes available for consideration and exploratipand, 2016; Broglia et al., 2012). In early production elec-
(Jeffs et al., 2018). tric vehicles such as the rst generation Nissan Leaf, the
cabin heat was provided by a positive thermal coef cient
(PTC) heater. PTC heaters are close to 100% ef cient, but
Many investigations have been carried out into the perfgenerate all of their heat using electrical energy from the
mance of Lithium ion cells at low temperatures. The thréattery. Due to the high demand of cabin heating, typi-
areas which are cause for concern are ageing, power eallly 4-7kW, this has a signi cant impact on the vehicle's
capacity. The consensus on ageing of cells at low terange. Meyeet al. (Meyer et al., 2012) investigated the
peratures is that charging causes the formation of metadijdit between the impact of cabin heating and low tem-
lithium on the cathode, a process known as lithium pladerature battery effects; performing tests with heating on

.2 Cabin Heating

1.1 Battery performance at low temperatures
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from ambient is more dif cult. In 2017 Jeffet al. pro-
posed the use of a thermal battery to further assist energy
saving at low temperature. They showed that an optimally
sized thermal battery would be able to effectively replace
the PTC heater, which was previously needed to aid heat
pump warm up. Here an average energy saving d3%b
was made over a temperature range @D C to 14 C us-

ing a cruising drive cycle, while not compromising cabin
warm up times (Jeffs et al., 2017). This selection of work
shows the range of use cases which a heat pump may be
subjected to, a point further demonstrated by Jeffal.

in 2018, where 32 operational modes where identi ed and
compared for a multiple source heat pump on an electric
vehicle (Jeffs et al., 2018).

1.3 Goals for Model capability
Figure 1. A summary of the capacity loss a function of tem-

perature as reported by the following sources; Nagasubrarﬁglgm section 1.2 't_ is clear that a consensus on a thermal
nian (Nagasubramanian, 2001), Zhang (Zhang et al., 2003), Jmﬁnagement architecture from low temperature perspec-
et al., 2013), Jaguemont (Jaguemont et al., 2014), Dow KokEie has not been reached. With multiple components on
(Dow, 2010) (manufacturer) and Panasonic (Pan, 2012) (mathie vehicle wasting heat, as well as the added complex-
facturer). ity of balancing cabin and battery heating, and the added
complexity of optimally operating a heat pump in a dy-
namic environment, a model which allows usersto exibly
full (continuously), and heating off at 7 C. During the recon gure the thermal architecture of the vehicle could
two tests at 7 C over the LA4 drive cycle (also knownhelp guide the thermal architecture on vehicles in the fu-
as FTP-72 or the Urban Dynamometer Driving Schedul&yre.
Meyer et al. = found that the use of PTC heaters led to The model developed in this work has the objective of
a 41% reduction in vehicle range compared to its0 providing the following features.
range. In comparison, a range reduction of just 15% was
found with the heating off at the same temperature, which-
can be attributed to the effect of low temperatures on an

Li-ion battery. The combined effect of heating demand . o
o S 2. The ability to arbitrarily request heat ows between
and reduced battery capacity is a 60% reduction in range . ;
components (e.g. request 5kW for cabin heating),
at 20 C (Reyes et al., 2016). . ) 4 o ) .
) ) while being physically limited by sensibly sized heat
Heat pumps are now becoming more dominant as a so- exchangers.
lution to vehicle heating, with examples found in vehicles

The ability to dynamically connect and disconnect
components from the thermal management system.

such as; Jaguar iPace, BMW i3, Nissan Leaf (latest geneB.

ation), Renault Zoe and others. The main advantage of
a heat pump is that it doesn't solely generate heat, but
can extract and upgrade heat; making it useful for cabin

heating. This can be done at more than 100% ef ciency.4-

Examples of research in this area include Leightbial.
(Leighton, 2015), who demonstrated a lab bench system
capable of extracting heat from ambient; upgrading it with
heat from power electronics and a PTC heater, then heat-
ing the cabin and battery. In this example the power elec-
tronics, PTC heater, cabin and battery were in series in a
coolant loop with the heat pump's condenser in the ord?r
stated. In 2014 Ahret al. proposed a dual source hea

Contain a control system for the heat pump which
self regulates compressor speed regardless of vehicle
con guration.

Run quickly enough to be useful for performing pa-
rameter sweeps and optimisations in suitable time
frames. (PC con guration: Laptop, using i7-6600U
@ 2.6GHz with 16GB RAM. Dymola version 2019
using Visual Studio 2015/Visual C++ 2015 Express
Edition (14.0).)

Method

pump which could harvest waste heat from the motor Hgere the details of the models are discussed with justi -

well as ambient; this can be distinguished from Leightoréations of choices made during the development process.
work as the motor would be located on the evaporafbhe top level of the vehicle is shown in Figure 2. In
loop, rather than the condenser loop. Using simulatidghjs gure the sub-models; heatDemandCommander, heat
Ahn showed that the addition of waste heat from the mofmump control unit HPCU, battery, Heat Pump, and Cabin
increased the maximum coef cient of performance (COR)odel can be seen. These sub-models will be discussed in
from 3 to 3.4, but also allowed the heat pump to work moneore detail in the following subsections, starting with the
effectively at lower temperatures, where heat extractibattery. Following the description of the model, two test
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Figure 2. The top level of the model is shown.

cases are presented which demonstrate the model's vefigs; this would require the re-parametrisation of the ther-
tility. mal and state of charge models accordingly.

The model has been developed using Dymola based osince the parameters of the RC network are dependent
the Modelica language. This work relies on the followingn temperature, a thermal model was created to estimate
libraries and providers; “Claytex VeSyMA-Powertrainthe bulk temperature of the pack. Figure 3 shows that the
and “TLK-Thermal Systems library". ohmic losses from the resistors in the circuit are calculated

and exported from the sub-model as Total waste power.
2.1 Battery The sum of these losses from each string in parallel is used
The battery is modelled both electrically and thermallgs the heat generation through losses in the thermal model.
The electric side uses a rst order RC network equivalehbie thermal model can be seen in Figure 4. In this model
circuit model (ECM), as seen in Figure 3. The compd¢he heatCapacitor seen in the centre represents the bulk
nents in this model are parameterised using look up €f-the battery and its temperature is used as the battery
bles which are a function of component temperature, tggperature. It has three modes of heat exchange; input
measured using the thermal model, and the cell's stagat from waste heat generation in the cells, interaction
of charge (SOC). The resistor and open circuit voltayéth the thermal management system, and thermal losses
(OCV) values are scaled by the number of cells in seri@&ambient. The latter heat exchange is modelled using
to produce an RC circuit which represents one string € at plate parallel ow equation (Bergman etal., 2011),
the pack. This data was generated speci cally for Xaiven in Equation 1,
40Ah cells by Yashraj Tripathy in (Tripathy et al., 2018).
This type of battery model is typically seen in literature
(Jaguemont et al., 2016; Ruan et al., 2014) when mod-
elling pack size batteries for vehicle application. In this
application the vehicle was con gured in a 2p108s (2 par-where k, Re and Pr are the thermal conductivity,
allel strings of 108 cells in series) arrangement givingReynolds number and Prandtl number of the convection
pack size of approximately 30kWh; although altering theid. The Reynolds number and Prandtl number are de-
pack size for different operations is possible. This can wed in Equations 2 and 3. L is the length of the surface
achieved by reducing the number of cells in series by awer which the uid is owing, here 4nis used as an ap-
justing nS_cell, seen in the top left of Figure 3, this wifroximation of the length of the underside of the vehicle.
also automatically adjust the sizing of thermal mass in the
thermal model. Alternatively, individual strings may be rvbL
deleted or duplicated, changing the number of cells in se- Re= m ()

K

h=( 0:037R&™ 87])Pr1;3|_

(1)
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Figure 4. Thermal model of the battery with heat exchanges
between ambient through a resistor to an exterior metal plate,
and to the thermal management system through heat port seen at
the top of the gure.

Total waste power 2.2 Cabin

Figure 3. Electric rst order RC model for the battery, scaled by N€ cabin has a target temperature of@avhich can be
number of cells in series using parameter nS_cells, seen in#§€d to assess the thermal comfort achieved when using

top right. the heat pump. The cabin model can be seen in Figure 5.
An in nite air source with ambient temperature is taken
into the cabin and heated in the eAC component, seen in
Figure 5. The heated air is then pumped into the cabin,
where a single air volume and heat capacitance are used
to measure the cabin temperature. This heat capacitor
, ] . has four modes of loosing heat; convection to ambient
In Equations 2 and 8, v, mandCy are density, veloCity, ihrqugh panels, thermal exchange with soft furnishings,
dynamic viscosity and speci ¢ heat capacity of convectiyRerma| exchange with hard furnishings, and cabin air ex-
uid, in this case air. The nal heat ow to ambientis then s, The convection to ambient through the exterior sur-

Pr = C%m 3)

given by faces is modelled using a variable thermal conductance
_ with dependency on vehicle speed. The model uses two

Qambient= G(Tpiate  Tambiend (4) heat capacitances for air to hard furnishings (such as dash-

board panels, glass etc.) and soft furnishings (such as the

or seats, carpet etc.), with thermal resistances between the

_ air and these components. Finally there are two volumes
Qambient=h W D L(Tpate Tambiend: (5) representing the air in the cabin; one large and one small.
The larger air volume represents the majority of the cabin

It should be noted from literature that the capacity ofghere the target temperature is imposed. The smaller air
battery is dependent of its temperature; in research cyalume is used to harvest cabin exhaust waste heat, here
cerning the operation of electric vehicles in low tempeip to 30% of the heat can be extracted and used in the heat
atures this should be accounted for. The state of chaRynp. This amount re ects the claims made by BMW in
model is used to estimate the state of charge of the battéryick and Spengler, 2014).
through the drive cycle as a function of temperature. To
achieve this, the state of charge model has an additio-%a’i3 Heat Pump

lookup table which contains information about the pefhe heat pump has the exibility to dynamically connect
centage of capacity available as a function of temperatug. and disconnect from, components around the vehicle.
This is then used to scale the Coulomb counting equatipRere are two places in the heat pump where these con-
by the factoiCef seen in Equation 6. Other examples gfections are controlled. In Figure 6 there is a row of ther-
this adjustment to Coulomb counting can be seen in (Tfira| switches at the top of the model, this is the rst point

pathy et al., 2018) and (Barai et al., 2016). of control regarding component connections. Inside these
zZ, switches there is a thermal conductor which is either set to

SOqQt) = SOGi 1 I(t)dt (6) 0 to thermally isolate the component from the heat pump,

Cett 0 or controlled by a PID controller to achieve the desired

heat exchange. The desired heat ow is set in the heatDe-
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Figure 7. The middle level of the model contains the coolant
circuits and the refrigeration loop and is used to control coolant

ow between them.
Figure 5. Cabin model

Connections to vehicle components

which have been sized using examples and estimates taken
from components found on existing vehicles. This level
also sees the input of heat recuperated from cabin exhaust,
which is used to increase the temperature of the chiller
= N\ /A 1 = loop.
e The coolant circuits, HTC and chiller are shown in Fig-

h ures 8 and 9 respectively. They have operating temper-
Therma switches ‘%npmpﬂ atures of 90C and 10 C respectively. In Figure 8 the

=h thermal battery and PTC heater are in series before the

e coolant reaches the cabin, battery and ambient which are

in parallel. It can also be seen that all components with the

Figure 6. The uppermost level of the heat pump where thernf@xception of the PTC heater have a bypass option; this is
connections across the vehicle are made and controlled. Intfi@ second control point for component connections which
centre is the middle layer of the heat pump which contains tban be used to thermally isolate a component from the sys-
physical models of the coolant and refrigeration circuits. tem. This arrangement was chosen so that thermal battery
could be used to increase the coolant temperature from
the condenser output and under certain conditions negate
mandCommander and will be discussed further in sectitre need for the PTC heater, which is set to turn off if
2.5. This layer acts to control the thermal connection e coolant temperature exceeds®5The hot coolant is
tween the heat exchangers in the middle level of the hé&n split between the battery and the cabin, giving the
pump model and the vehicle components. This is impaser exibility in selecting how much heat to send to each
tant as it allows for arbitrary heat demands to be requestesimponent; either by using the heatbemandCommander,
which might then be used to guide heat exchanger sizggting different bypass amounts for each component, or
or coolant control to maintain an optimal temperature audjusting the heat exchanger sizing. Here it should be
a component. The second point of control for componanentioned that the PTC heater is controlled by a PID with
connections is in the coolant circuits labelled high tempehe objective of getting the cabin to its set point, unless
ature circuit (HTC) and chiller circuit, found in the middleshut off by excessive coolant temperature.
level of the heat pump, seen in Figure 7. The chiller circuit is arranged in a similar way to the
The middle level of the heat pump model is used t6TC, as seen in Figure 9, with the components capable
house, pump coolant between, and direct heat ows tf, contributing heat to the system set in parallel. These
the 3 main models of the heat pump. These are the HF@at exchangers allow heat to be extracted from; the mo-
chiller circuit and refrigeration loop. Inputs to this levelor and inverter (as one unit), the gearbox and driveline
include coolant mass ow rate (which is then controlle@ivhich will be treated as one component and referred to as
by a pump and PID), compressor power demand whithnsmission), the battery, the thermal battery, and ambi-
is passed onto the refrigerant model, and cabin tempesat. The chiller circuit also uses bypasses to thermally iso-
ture which is used to shut off the PTC heater in the HT@te components from the heat pump. The bypass valves
The coolant circuits themselves contain heat exchangars set to values:99 for open and 10° for closed, to
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. . Figure 10. The refrigeration cycle is physically modelled. At
Figure 8. The coolant loop used for high temperature COMPHyis level the speed of the compressor is controlled either by the

nents, I.e. cgbm and battery hgatlng, PTC Input, heat battgr and from the heat pump controller, or a PID which stops the
input, and rejecting heat to ambient for air conditioning operg}-/stem pressure getting t0o high
tion. '

cording to the pressure controller and the demand input
from the HPCU, the minimum of these values is used
to control the compressor, ensuring that neither refriger-
ant pressure nor coolant temperature exceed their physical
limits.

2.4 Heat Pump Control Unit (HPCU)

The heat pump control unit has three purposes; rstly
to set the desired coolant ow for the HTC and chiller
circuits, secondly to control which components are con-
Figure 9. The chiller circuit is used for thermal exchange andected to, or thermally isolated from, the heat pump, and
extraction, i.e. extracting from the motor and inverter, the geanally to set the desired power output of the heat pump
box and driveline, ambient, heat battery. There is also the capempressor. The rst of these roles is done by putting
b|||ty to cool the cabin and electric battery if needed. a constant mass ow demand onto the control bus to be
used at the heat pump middle level. For the motor and
inverter (single unit), the transmission and the cabin, the
prevent errors and problems encountered with zero otiiermal switching can be thought of as binary. To ensure
These valves are controlled by the switch blocks in tleheat ow is created when the component is thermally
bottom left of Figures 8 and 9, which is connected to tlaetive, the connection is only allowed to be made if there
controlBus and is controlled in the HPCU. is a suf cient temperature difference between the compo-
The bottom level of the heat pump contains the physid¥#gnt and the coolant loop. For the electric battery, thermal
model of the refrigerant circuit. In this example R134a kattery and ambient, extra rules exist for logical opera-
used, but the refrigerant circuit may be quickly recon ¢fion of these sources. Firstly, the electric battery is con-
ured by selecting a different refrigerant in the SIM blookected to the HTC (being heated) when its temperature is
and changing pressure settings accordingly. The con djﬁ|0W 20C; above this temperature it is thermally isolated
ration of the heat circuit is typical of what may be founffom the heat pump. If the electric battery's temperature
in literature (Leighton, 2015; Ahn et al., 2014). Since tH&hould rise above 3C it is connected to the chiller (being
heat exchanger has liquid coolant heat exchangers on sieled). Both these temperatures were chosen for sensi-
the condenser and evaporator sides, some care has béeglectric battery operation. The heat battery is rst con-
taken to create a control system which does not excé@gted to the HTC, helping to rapidly increase the HTC
the physical limits of the coolant and refrigerant set B¢mperature during the warm up phase. When it can no
the library. The coolant is prevented from going beyor@nger heat the HTC it is connected to the chiller, where
its temperature limits using the HPCU which controls this fully discharged, then thermally isolated. Finally, am-
compressor demand seen on the right of Figure 10. Tientis only used as a heat source when its temperature is
refrigerant is protected from exceeding its pressure lingigove 10 C, which, in a normal vehicle, would prevent
by the PID labelled®ID_pressureControkeen in Figure frost from building up on the ambient heat exchanger, re-
10, which is set to limit the pressure tol8f); chosen cor- ducing its effectiveness.
responding to R134a's pressure-enthalpy diagram. GiverThe compressor controller, shown in Figure 11, has the
two power demands existing at this level, the demand achpose of getting the cabin and battery to temperature
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2. Is the transmission useful as a thermal source for
the heat pump? This is tested by using ambient and
transmission as heat sources, then comparing the to-
tal vehicle energy consumption and cabin tempera-
ture pro le. As with the previous case, these 2 sce-
narios will be retested with the PTC heater off. To
make a complete assessment of the transmission as a
thermal contributor it will be tested in isolation, i.e.
the motor will be disconnected from the heat pump
leaving the transmission and ambient as the only con-
tributors.

Both of these test cases are demonstrated@tabinbi-
ent temperature and using the WLTP drive cycle. While
the results of these two cases will be shown in detail, the
model has been used in many more scenarios.

3 Results

Here the results of the two cases will be shown and dis-
cussed.
while ensuring that the HTC and chiller don't exceed thei C 1
temperature limits. PID controllers are used to crea':)ga1 ase
compressor power demand according to the battery dndhis demonstration, the comparison is made between
cabin current and target temperatures, the greatest of tHessating the battery and cooling the battery by adjusting
demands is taken to ensure there is enough heat to nitsgirget temperature in the switches controller. The bat-
these requirements. Additionally, PID controllers are ustaty will also be disconnected from the heat pump to pro-
to set a power demand needed to bring the chiller and HVide a baseline. Figure 12 shows the battery temperature
loops to their target temperatures. The minimum powidarough the drive cycle. Here it can be seen that the sce-
request (from either the cabin and battery, the chiller andrios have performed as expected. When the battery is
the HTC controls) is then passed to the compressor; tresated it quickly reaches its target temperature @30
minimum is used so that, if a component has reachedatswhich point it is isolated from the heat pump. Dur-
set point, it is not pushed beyond that target by the iiag this heating phase 5kW of heat ow is requested in
quirements of another component. This logic prevents tie heatDemandCommander which is then sustained by
battery and cabin from overheating and reduces the chatiemodels controllers. Despite being disconnected from
of the model failing due to the coolant breaching its terthie heat pump at target temperature, the battery's temper-
perature limits. ature continues to rise due to internal resistance and self
heating. Should the temperature rise aboveC3then the
2.5 heatbemandCommander battery would connect to the chiller. This temperature is
This component is used to set requested heat ows fdrosen somewhat arbitrarily, although some cooling is re-
thermally active components around the vehicle. For tlgaired to reduce ageing and mitigate against thermal run-
work constant heat ows were requested. The heat oaway and other safety concerns associated with high tem-
request is then put on the control bus to be used as thepsgature cell operation. In the second scenario it can be
point for PID controllers in the switches found in the heaken that the cooling keeps the battery temperature much
pump, described in section 2.3. lower throughout the cycle. The battery temperature rises
quickly at the end of the cycle, during the high speed sec-
2.6 Testcases tion; this re ects the higher losses the battery will expe-
Here 2 unique test cases are proposed to demonstrateitree through maintained lower temperatures. Finally, if
exibility of this work for testing a variety of scenarios.the battery is not thermally managed as in the third sce-
These test cases are: nario of case 1, the battery temperature is allowed to rise
unaided until it is naturally limited by reduced loss and
1. Canthe electric battery be used as a heat source wtinemmal loss to ambient.
its temperature is above O (chosen to maintain re- Figure 13 is used to show the impact each scenario has
generative braking). To explore this case 5 scenarmsthe cabin temperature. When the battery is heated there
will be tested and compared; 1. heating the battesdess heating capacity for the cabin and hence the temper-
(as described in section 2.4), 2. cooling the battegture, and therefore comfort, is reduced. When the battery
3. disconnecting the battery, 4. battery disconnectisccooled there is extra thermal capacity and so the cabin is
and PTC off, and 5. battery cooled with PTC off. heated faster and thermal comfort is improved. However,

Figure 11. The compressor controller
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Table 1. The total electrical energy consumption and nal SOC
for the 5 scenarios proposed in case 1.

Scenario Energy Consumed Final SOC

1 8.08 kWh 81.1%
2 8.24 kWh 78.5 %
3 7.68 kWh 80.8 %
4 6.45 kWh 83.9 %
5 7.68 kWh 79.6 %

Figure 12. The battery temperature through the WLTP cycle
shown for the rst 3 scenarios proposed in case 1.

Figure 14. The cabin temperature is shown for the 4 scenarios
proposed in case 2.

SOC corresponding to the 5 scenarios. Since the rate at
which SOC is used is dependant on temperature, the nal
SOC is not directly proportional to energy consumption,
but is also linked to temperature pro le. Here it should be
Figure 13. The cabin temperature is shown for the 3 scenarioted that scenario 1 (where the battery is heated) has a -
proposed in case 1. nal SOC higher than scenario 2 (unheated). Operating at a
higher average temperature through the cycle reduces the
losses through internal resistance, increasing the terminal
the extra heat that is extracted from the battery does mottage and reducing the current required to produce the
appear to make a signi cant difference to the cabin tersame power, hence the difference in nal SOC.
perature compared to disconnecting the battery from thénith regards to point 4 of section 1.3, it took 32 minutes
heat pump. While the extra heat from the battery showdd 51 seconds to simulate all the scenarios required for
provide extra heat for the cabin, the heat pump is alreazhse 1. This gives and average simulation time of 6 min-
saturated with heat from ambient and the motor, hence thes and 34.2 seconds. Since WLTP is a 30 minute drive
extra heat only serves to increase the coolant temperatyee this equates approximately 4.6 times faster than real
on the chiller. Furthermore with the additional heat frotime, meaning the simulation is adequately fast.
the PTC heater (on in all cases) the HTC quickly reaches
temperature. 3.2 Case?2
Scenarios 4 and 5 have been used to demonstrateHbee the bene t of including the transmission as a thermall
bene t that battery cooling can provide to cabin heatingontributor to the heat pump is evaluated. This is done by
when the heat pump is not saturated with heat. Here it amparing 4 scenarios, rstly a baseline case with ambi-
be seen that the cabin temperature suffers in both scenagiaisthe thermal contributor, and secondly with the trans-
where the PTC heater is off. However, the additional healssion as an additional contributor, then repeated with
extracted from the battery now allows the cabin to heat thie PTC heater off.
faster and reach a higher nal temperature, compared td_jke in case 1 the heat pump is saturated before the
no heat extraction and no PTC heater. transmission is introduced as a contributor; hence the heat
Table 1 shows the energy consumption and the nextracted does not make a noticeable difference to the
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Table 2. Tptal electric energy consumption for the 4 scenarigge reduced battery ef ciency and lower effective SOC of
proposed in case 2 extracting heat from the battery means that it is not worth
doing, as energy consumption and nal SOC of scenario

Scenario  Energy Consumed 5 are worse than scenario 3. This difference is marginal
1 7.82 kWh and under other circumstances (temperature, battery tar-
2 7.68 KWh get temperature, battery size, ambient temperature etc.)
3 6.05 kWh the same may not be true. This platform gives the user
4 6.72 kWh the ability to easily and quickly explore these spaces.

In case 2 it was shown that the transmission is a viable
contributor to the heat pump. This was demonstrated by

cabin comfort, as can be seen when comparing scenaliss€neray saving achieved when the PTC heater is in use,
1 and 2 in Figure 14. As with the battery, when the pT&)d the additional thermal comfort when it was not. Con-
heater is turned off the extra heat provided to the calSit/€ring this further investigation into its use with a more
makes more of a difference, as in scenarios 3 and 4. FRPlex system should be undertaken. While it is seen to
compromise of this extra cabin comfort is the cost of eRI0vide a bene toniits own, in a system where cabin heat
traction and the extra load that is put on the motors dud¥c>aturated, its use may not be as valuable as seen with
the transmission being kept at a lower, less ef cient terfic€narios 1 and 2. The system proposed has the ability

perature. The energy consumption for each scenaridddurther explore these scenarios and make a more com-
given in Table 2. plete recommendation for the use of the transmission as a

stri}grmal contributor to the heat pump.
inally a review of the objectives that were set in sec-

In Table 2 it can be seen that when the PTC heater i
use (scenarios 1 & 2) the extra heat from the transmissio X i ; .
saves energy. In other words the energy saved from redi9f 1.3- Firstly, goal 1. is shown in the case 1, scenario
ing HTC target temperature slightly earlier, which causé%”he_re the battery disconnects itself from the heat pump
the PTC heater to shut off, exceeds the costs of ope en it _reaches |ts_ target temperature._ This is an example
ing the transmission at a lower ef ciency and extracting passive dynamic connection and disconnection, how-
the heat. Although, since the heat pump is operating yer a schedule could be implemented to directly control

capacity before the transmission is introduced, the costdf connection timings. Secondly, in case 1 the model suc-
essfully sustained the requested heat ow of 5kW to the

extraction is negligible. Considering this, in these circurmi= oo ’ ¢ X X
g1 g rggrltery while it was being heated. Thirdly, in sections 2.4

stances the transmission is viable as a thermal contribu 423 I tor th q ibed
on the condition that the engineering or implementati@yd 2-3 & control system for the compressor was describe
ich self regulates according to coolant temperatures,

costs do not outweigh the potential benets. When t

PTC heater is not used, the extra costs of using the tra¢fin and battery target temperatures and refrigerant pres-

mission do not return an energy saving and so increS5&e- This control system ensures the cabin and battery

total consumption. Given the extra thermal comfort prE€ach their target temperatures without model failing due

vided, seen in Figure 14, this is probably a worthwhif@ breach of physical limits. Fourthly gnd nally, in the ex-
compromise. amples shown the case 1 took 32 minutes and 51 seconds

Again for completion, the simulation time for case complete, while case 2 took 28 minutes and 40 seconds

was 28 minutes and 40 seconds, or 7 minutes and 10 8cc_omplete which are perfectly usable time frames when

onds per scenario, or approximately 4.2 times faster theavﬁluatmg thermal management strategies.
real time. This further evidences that the model runs re-

liably fast, completing simulations in an adequately short Conclusion

amount of time. The model has been demonstrated in a range of cases and
. . scenarios. Its versatility in answering many thermal man-

4 Discussion agement problems has been shown and the objectives set

to prove this have been met. The results from the tests pro-

The results presented above show the variability and Osed and evaluated are justi able and make sense when
tential power of this model for evaluating different therm ympared to what is known about electric vehicles oper-

management strategies in cold climates. One of the l%ﬁ‘r" g in low temperatures and the nature of heat pumps.
questions in _th|s area concerns the _thermal managemeh e this work shows a valuable, versatile tool in explor-

of batteries; in case 1 some scenarios are proposed A% hermal management of complex heat pump systems
evaluated. Each scenario evaluated met the expected 8H% ectric vehicles in low temperature climates

come; for example heating the battery uses more energy '
and reduces cabin comfort compared to disconnecting I&%knowledgement

battery from the heat pump, seen by comparing scenarios

1 and 3. It was also shown that the battery may be usedrass project was possible thanks to funding provided by

a heat source when cabin heating is not saturated, as $8e8RC, funding and support from Jaguar Land Rover, and

in scenarios 2, 4 and 5. It is also interesting to note ttstftware and modelling support from Claytex Services Ltd
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