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Abstract

In this paper the feedback stabilisation of a boiling-baseoling scheme is discussed. Application of
such cooling schemes in practical setups is greatly limitedhe formation of a thermally insulating
vapour film on the to-be-cooled device, called burn-out. his study a first step is made, to check
the viability of such cooling systems, already used in higifgrmance electronics, applied to Electric
Vehicles (EVs). It can be used for instance for the coolindiigh heat flux transistors and for the
thermal homogenisation of battery packs. Thereto, theabiesttransition to burn-out is stabilised by
controlling the pressure inside the boiling chamber, wiltiolr boiling (and thus creation of the thermally
insulating vapour film) can be stimulated or suppressed. féhdback law used to do this is based
on the dominant modes of the temperature field of the theynwalhducting element, i.e. the heater,
between the device and the boiling liquid. As not all statesduin this feedback law can be measured,
an observer or "state-estimator” must be implemented irctimtrol strategy. The observer is a copy of
the nonlinear boiling model with an additional term to assconvergence of observer to system state.
Simulations are performed to demonstrate controller efficy on the nonlinear cooling device. This puts
forth the boiling-based cooling scheme as viable for aggibn in EVs, enabling increased cooling and
thermal-homogenisation capacities compared to convaadtihermal management methods. The next
step should be experiments to proof the principle on batteltg/packs and high heat flux transistors.

Keywords: BEV, Battery thermal management, Cooling, bgjlhumerical simulation

1 Introduction to heat the vehicle cabin, decreasing the auxil-
iary power requirements. In addition, due to nat-
ural convection, no (large) pumps are required to

During fast acceleration and regenerative brak- circulate the fluids. Thus thermal management

ing in electric vehicles (EVs), the high-power based on boiling heat transfer can significantly

switching devices, that switch large amounts of increase the range per charge of Battery Electric
power from the battery pack to the electrical Vehicles (BEV_s)g[l], which is currently consid-

coils of the electric motors, produce significant ered to be their main drawback, [2].

amounts of heat. To prevent these so-called insu- Boiling heat transfer can also be applied as bat-

lated gate bipolar transistors (IGBTs) from over- tery thermal management system. Operation at

heating during these actions, boiling heat transfer elevated temperatures can seriously accelerate
is the pre-eminent choice as the cooling mech- battery deterioration, see [3]. While operation
anism. Boiling heat transfer namely allows for at lowered temperatures can seriously decrease
quick andintensivecooling. Moreover, the evap-  the efficiency of the battery, see [1]. Further-
orated fluid can be easily transported throughout more, due to the passive working principle, boil-
the vehicle, and the removed heat can be released ing heat transfer can also be applied when the car
to any desired surface via condensation. In this is turned off, e.g. when the car is parked in the
way, the removed heat can be used, for instance sun. Another important parameter with respect
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to the battery lifespan is the temperature unifor-
mity of the battery, see ;4]. Hence, especially in
consideration of cycle life of the battery pack, a
thermal management/homogenisation scheme is
indispensable. Boiling heat transfer allows for
thermal homocﬁ;enisation very effectively as it, ir-
respective of heat fluxes, happens at fixed tem-
peratures for given pressure, see [5].

However, full exploitation of boiling heat trans-
fer for thermal management is severely limited
by the risk of 'burn-out’, i.e. the sudden forma-
tion of a vapour blanket on the heating device that
leads to a catastrophic temperature 4ump and, in
consequence, an abrupt collapse of the coolin
and homogenisation capacity [6]. Insight into
the com(JoIex boiling dynamics underlying “burn-
out” and into ways to actively control it, is im-
perative to overcome this hazard.

Pool boiling may serve as physical representa-
tion for cooling applications based on boiling
heat transfer. Such systems consist of a heater
submerged in a pool of boiling liquid. This is
depicted in Fig.1, the to-be-cooled device sup-
plies heat to the bottom wall of the heater, which
corresponds with a thermally conducting element
between the actual heat source ?e.?. a battery
cell) and the coolant at the top wall of the heater.
The boiling liquid extracts heat from the heater

and releases thermal energy throu?_h the escap-
|

ing vapour. The vapour turns into liquid again
in a condenser, releasing the heat taken up, and
flows back towards the boiling liquid.

Fan

Finned condenser

Evaporated liquid
/_\
Boiling liquid

Heater

I N
Heat supply

Figure 1: Schematic representation of a pool-boiling
system.

Pool boiling is characterised by three boiling
regimes through which the system progresses
with increasing temperature on the fluid-heater
interface: nucleate, transition and film boiling
[7]. Nucleate boiling is, as opposed to film boil-
Ing, an efficient and safe mode of heat transfer
and is the desired boiling mode in most practical
applications. Nucleate boiling transits into film
bolling upon exceeding the so-called critical heat
flux (CHF) through the intermediate state of tran-
sition boiling. This transition is highly unstable
and causes a shaipcreasein temperature and
decreaseén heat flux. This is the result of the sud-
den formation of a thermally-insulating vapour
film on the fluid-heater interface [6]. Transition,
thus, leads to the collapse of the cooling and ho-
mogenisation capacity and must be avoided in
practical thermal management systems [7].

g As a result, to date theoretical studies for

Hence, utilising boiling heat transfer for cooling
entails a trade-off between efficiency (close prox-
imity to CHF) and safe operation (certain dis-
tance from CHF). Current cooling schemes re-
quire a relatively large safety margin due to two
key limitations: (i) high uncertainty in predicting
CHF and system dynamics; (ii) the Iinability to
actively respond to fluctuating cooling demands
due to the passive working principle [8]. Ro-
bust control strategies that safely facilitate boil-
ing heat transfer close to CHF under dynamic op-
erating conditions offer a promising solution, yet
their realisation poses a formidable challenge.

ool
boiling applications are scarce. There is a large
data-base on boiling experiments, though. How-
ever, the CHF depends, next to the fluid-heater
combination, on numerous other variables, such
as surface roughness and system pressure. Con-
sequently, experimental results can only be used
in a very limited range of boiling apBIications,
see e.g. [6, 9]. Theoretical pool boiling in-
vestigations are presented in [10] where a one-
dimensional (1D) S)éstem is stabilised by way of
linearisation of the boiling curve around the ho-
mogeneous transition state. In [11] a more realis-
tic pool boiling model is formulated which leans
on the Iphenomenological connection between
the local boiling mode and the interface temper-
ature and describes the system dynamics entirely
in terms of the temperature distribution within
the heater. In [12, 13] the two-dimensional (2D)
nonlinear heater-only model is analysed for equi-
libria and stability properties. Successful stabili-
sation of the one-dimensional (1D) simplification
of this model has been achieved in [14] by regula-
tion of the heat supply via a linear state feedback
based on the internal temperature profile. Most
recent investigations of stabilisation of unstable
steady states of the original 2D model are pre-
sented in [15, 16].

Key to the proposed control strategy is the ex-
pression of the heater's temperature profile by
Chebyshev and Fourier polynomials, which are
intimately related to the physical eigenmodes of
the 2D system. The smoothness of the temper-
ature field within the heater ensures exponen-
tial convergence of the Chebyshev-Fourier spec-
trum and, consequently, accurate representation
of its eigenmodes by lower-order Chebyshev and
Fourier polynomials. This has the important im-
lication that the system dynamics can be regu-
ated on the basis of a few lower-order Fourier-
Chebyshev modes of the temperature field.

This study aims to test this 2D modal control law
for the purpose of thermal management in EVs
by way of a performance analysis in an idealised
system as first step towards realisation of a prac-
tical setup. Thereto, the dynamical behaviour of
the system introduced in [16] is considered for
realistic values of the physical parameters. The
control law represents the dynamical variation of
the system pressure, with which the onset of film
boiling is to be prevented. The simulations repre-
sent two thermal issues in EVs, being (i) IGBT-
cooling and (ii) thermal homogenisation of the
battery pack. These simulations are a first step
towards realisation of a practical setup.
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For the IGBT-cooling case study,& x 80mm

IGBT that produces 15W/cof heat is consid-
ered [17]. For the second case study the ther-
mal homogenisation of a small battery cell, like
for example used in the Tesla Roadsé&mm of
length, is considered. The cell is assumed to pro-

duce0.33W/cn? of heat [18]. In both cases the
heater is assumed to be made out of aluminum
with dimensionsL x H. Its length is equal to
that of the to-be-conditioned devicé: = 80mm

for the IGBT andL = 65mm for the battery cell.

Its height is to be specified hereafter. The fluo-
rinated liquid FC-72 (s F14, 3M company) with

a boiling point of Ts5; = 56°C at atmospheric
pressure, is considered to be the coolant.

2 Model description

The model to represent the thermal management
scheme is based upon the two-dimensional (2D)
heater-only model first presented in [12]. In this
model, the boiling fluid is soIeITy modelled by the
boundary condition on top of the heater. This

can be done because of a phenomenological con-

nection between the boiling mode and the inter-
face temperature, cf. [12]. In the following, this

model, its equilibria and the linearisation around
them are discussed.

2.1 Heater-only model

In the heater-only model, the heat transfer in the
2D rectangular heaté¢ = [0, L] x [0, H] is con-
sidered — see Fig.2. The boundary segments of
the heater are given by (i) adiabatic sidewalls for
x = 0 andz = L, (ii) a constant heat supply ex-
tended with the system input by which unstable
states must be stabilised @t= 0, and (iii) the
nonlinear heat extraction by the boiling process
on top of the heater at= H.

. T
v A boiling liquid: f)\a— =qr(Tr)
Jy
H
T
aiT — 6— =aV?T 8£ -
ox ot oz
: =
heat supply: —A—— = Qu +u(?) *

Jy

Figure 2: Heater configuration of the pool-boiling
model.

The model describes the heat transfer in terms
of the superhedl’(z,y,t), i.e. the temperature
relative to the boiling point of the coolant. The
superheaf’(z, y, t) within the heater is given by
the heat equation

orT

() = aV?T(z,y,t),

(1)

with the boundary conditions

orT
il — 2
ax 1‘:07L 07 ( )
orT 1
y o = —X(QH + u(t)), (3)
oT 1
8_y et = _XQF(TF)a 4)

with A = 237Wm~'K~! the thermal conductiv-

ity of the aluminum heaterL its length as de-
fined in the Introduction,H its height, Tr :=
T(x, H,t) the fluid-heater interface temperature,
a = 8.42 - 107°m?/s the thermal diffusivity of
the heatergr(TF) the nonlinear heat flux rela-
tion given in Fig.3u(t) the system input an@ x

the nominal heat generation by the to-be-cooled
device as defined in the introduction.

Burn-out is to be avoided by variation of the sys-
tem pressure. Decreasing (increasi%gstimu-
lates (suppresses) evaporation and thus will lead
to burn-out faster (less fast). Decreasing (in-
creasing) the ||£J|ressure will ‘thus decrease (in-
crease) the CHF, i.e. the local maximum of
qr(Tr) in Fig. 3, CHF « p. Although reduc-
tion (elevation) of the pressure is accompanied
by a temperature decrease (increase), the temper-
ature distribution will remain uniform and heat
flux per unit area will remain high. By regu-
lating the pressure, the system thus can be kept
in the efficient nucleate boiling regime. In the
model, decreasing (increasing) the system pres-
sure is modelled by increasing (decreasing) the
heat supply@  + u(t), which will lead to burn-

out faster (less fast)y(t) « CHF ! o< p~!. Asa
result, the heat flux functiogz (Tr) can be kept
constant over time and system modelling simple.

Heat flux [W/cn?]

56 160
Superheal” [K]
Figure 3: Nonlinear heat-flux functiogr(T%) ac-
cording to the boiling curve of aluminum vs. FC-72,
see [9]. The dashed line represents the nominal heat

supplyQp.

150

The nonlinear heat-flux functiomz(Tr) de-
scribes thelocal heat exchange between the
heater and the boiling fluid as function of tle
cal fluid-heater interface temperature. On phys-
ical grounds, it is identified with the so-called

EEVC European Electric Vehicle Congress
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boilinghcurve, that is, the relation describing the
mean heat exchange between heater and fluid
along theentire fluid-heater interface (see [7]).
This implies a functional relatior(7F7) ac-
cording to Fig.3. As can be seen, the function
qr comprises three distinct regimes, these cor-
respond to one of the local boiling modes and
associated boiling states: nucleate boilingt] (left
of local maximum; fluid-rich state, efficient heat
transfer), transition boiling (in between both ex-
tremes; transitional state) and film boiling (right
of local minimum; vapour-rich state, inefficient
heat transfer). If the heat supply exceeds CHF,
the nucleate boiling regime ceases to exist, and
Passm ‘through the transition boiling regime, the
ilm boiling regime is entered. This is accompa-
nied with a massive increase in temperature and
thus is to be avoided in practical applications.

2.2 Equilibria of the model

An extensive exposition on the steady states of
this model and their stability properties is fur-
nished in [12, 13]. Below a concise recapitula-
tion is provided.

Steady stated..(z,y) of (1-4) are found via
aB lication of the method of separation of vari-
aples, see [19]. This yields a (formal) solution
given by

® ~ cosh(kiy)

Too(w,y) = 2 T vy
(.9) kc?o ol ) ) o

with x; = kn/L and coefficient@k the spec-
trum of the Fourier cosine expansion of the tem-
perature at the fluid-heater interface,

Troo(r) = Too(, H) = Y T}, cos(ry). (6)
k=0

These coefficients are determined by the nonlin-
ear Neumann condition gt= H, upon substitu-
tion of (5) leading to

Qu _

S Thr tanh(k,H) cos(kpx) —
k=0 A
1
_XQF(TF,oo)av S [OvL]

(7)

Equation (7) is the characteristic equation that
determines the particular properties of the steady
states of (1-4). Iff}, = 0 for k£ > 0, the equi-
librium is constant inz-direction and (7) simpli-
fiestogr (Tre) = Qu. As aresultTr ., coin-
cides with the intersection(s) between the boiling
curve (solid line in Fig.3) and the nominal heat-
s_ugply (dashed line in Fig.3). Here the left and
right intersections correspond to stable nucleate

and stable film boiling, respectively. The mid-
dle intersection corresponds to an unstable tran-
sition boiling equilibrium. These three equilibria
are called the homogeneous equilibria as they are
uniform in z-direction. All other equilibria are
not uniform inz-direction and are called the het-
erogeneous equilibria. Heterogeneous solutions
are characterised by local liquid-rich and local
vapour-rich regions and thus belong to the tran-
sition boiling regime.

The principal objective here is the stabilisation
of the unstable homogeneous transition equilib-
rium. Without stabilisation of this equilibrium,
exceeding the CHF will inherently result in pro-
gression to the film boiling regime and burn-out
of the to-be-cooled device. Stabilisation of this
equilibrium, on the other hand, allows for in-
creased heat flux rates and thus increases the effi-
ciency of the cooling device. Because of the non-
uniform temperature distribution of the hetero-
geneous equilibria, convergence towards these
equilibria results in undesired non-uniform tem-
perature distributions in the battery pack or IGBT
and thus is to be avoided during operation.

2.3 Linearisation

Stabilisation of the homogeneous transition boil-
ing equilibrium is investigated in terms of a
linearisation of the pool boiling model around
this equilibrium. To this end, small deviations
v(z,y,t) from the equilibriuml’,, (z, y) are con-
sidered, i.e.T(z,y,t) = Too(x,y) + v(x,y,t).
Standard linearisation methods readily yield

Oyt = oV, @

with the boundary conditions
g_z - —%u(t), (10)
g_z - —%’y(ac)vF(:C), (11)

as linear counterpart of (1-4), whetg-(z) :=
v(z, H) and

_ dap

= ar, (12)

v(z)

Tr(x)=TF 00 ()

3 Control strategy

In this section, the control strategy for stabili-
sation of the Bool boiling system is discussed.
Burn-out is to be avoided by variation of the sys-
tem pressure. In order to keep the heat flux

function ¢ (TF) constant over time and system
modelling simple, this is modelled by uniform

variationu(t) of the heat supply, as discussed in
the previous section.

EEVC European Electric Vehicle Congress



3.1 Feedback law

The intended control strategy is a feedback law
based on the deviation(z,y,t) = T(x,y,t) —

T (z,y) between the heater superh@&dt:, v, t)

and its desired distributiolf . (z,y). Easily
stated, if the temperature inside the heater is
lower than the desired valuey(t) is positive

as a result of which boiling is stimulated and

polynomial, pi(x) = cos(kiz) the k-th Fourier
cosine polynomial and = %y — 1 is the com-
putational domain iry-direction, cf. [20]. Note
that here an infinite series is considered, mean-
ing no approximation error is introduced in this
step. Moreover, if a smooth temperature field in
the heater is assumed, due to exponential conver-
gence of the Chebyshev-Fourier-cosine spectral
coefficients, the system dynamics are mainly pre-

lower heat fluxes are generated between heater scribed by the ‘lower order’ modes, i.e. modes

and boiling liquid. Consequently, the device is
cooled less efficient and heats itself. When the
temperature is too hagh, the input is negative and
boiling is suppresse

as a result,
more heat is extracted from the device, cooling it
down in the process.

The input can be calculated by evaluating the
heaters temperature in only one or two specific
points, however, the aim here is to evaluate the
entire temperature profile in the feedback law in
favor of beneficial ¢ osed-loog behaviour, i.e. the
behaviour of the system with the feedback law.

The heater temperature(x, y,t) is multiplied
with a feedback weightfunctiog(z, i) to be able

to give more weight to specific regions within the
heater, e.g. the fluid-heater interface. As sys-
tem pressure is equal in the entire boiling cham-
ber, the system input(¢) must be uniform ine-
direction. As a result, the term(z, y,t)g(x,y)
must be integrated over the heater domain, result-
ing in the feedback law

H L
u(t)://U(x,y,t)g(x,y)dxdy. (23)
0 0

This means that the controller calculates whether
the overall temperature in the heater is too high
or too low and stimulates or suppresses the boil-
ing process accordingly (specific regions can be
excluded or be given more weight by appro-
priate choice ofg(x,y)). With the feedback
weight function the properties of the feedback
law, and thus the closed-loop system, will be
prescribed. Furthermore, the temperature inside
the heaten(z,y,t) is expressed in a form that
is intimately related to its natural eigenmodes.
This means that in:-direction, the eigenmodes
of the Laplace operator are taken to represent the
profile, i.e. by a Fourier-cosine expansion. In
y-direction, the profile is expressed in the non-
periodic variant of this expansion, i.e. the Cheby-
shev expansion. This control law is discussed in
full detall in [15, 16], here only a concise recapit-
ulation is given. The temperature profile in terms
of the Chebyshev-Fourier spectrum is given by

with low n andlow k. As a result, the feedback
law given by (13) only needs to be based on these
‘lower’ modes, as established in [14].

by increasing the pressure, In order to filter these specific modes from the
igher heat fluxes are generated and profile v(x,y,t), the feedback weight function

g(x,y) is taken as

9(@,9) = > Gapbe(O)we(O)pp(x), (15)

q,p=0

1

with we(0) = (1 —62)~ 2 the orthogonal weight
function of the Chebyshev polynomials, cf. [20]
and g,, the spectral coefficients of the weight
function. Due to the orthogonality property of
the Chebyshev and Fourier polynomials, imple-
menting (14) and (15) in (13) reduces the feed-
back law to

[e.9]

u(t) = Z Ugp(t)kigp,

p,q=0

(16)

wherek,, = = c,c,g,, and the factor; = 2
fori = 0andc; = 1 fori > 0, see [20].

Note that this feedback law enables control of in-
dividual Chebyshev-Fourier-cosine modes by ap-
propriate choice of,,. This so-called modal
control scheme thus enables efficient control of
exactly the relevant lower order modes. Meaning
that this feedback law practically is a full-state
feedback, which significantly outperforms stan-
dard P-control for this boiling application [14].
The elementsk,, must be determined such
that desired/satisfactory closed-loop dynamics
are obtained. This can be done by putting the so-
called closed-loop poles of the linearised system
at desired/satisfactory locations. To determine
these closed-loop poles, a characteristic equation
is derived analogously to the derivation of (7).
The closed-loop poles of the system are given by
the . € C that satisfy

li Appr(x) [/GF tanh(y/apH) + Ly(2)]

o (17)
+k§0 ARFy [37(z) — ag] =0,

v(@,y,t) = Y k(B (0(y))pr(z), (14) for all z € [0, L], for nontrivial A, (i.e. A # 0
k,n=0 for at least oné:). The parametedy;, is given by
with v, the spectral coefficients af(x,y,t), _ (km 2 1 18
én(0) = cos(n arccos(6)) is then-th Chebyshev w=\7) ty (18)
EEVC European Electric Vehicle Congress 5



and the closed-loop contributiaf, equals

- k
qgo ok e~ Veaol

Fy =
A/ — ZoquCq cosh(y/aixH
q:

] (19)

Furthermore( Ay - - - A) is the spectrum of the
eigenmode of the closed-loop system that cor-
responds to the computed pagle The coeffi-

cientsé® and¢ are the spectral coefficients of the
Chebyshev expansion @bsh (,/axZ (0 + 1))

ande~vaos (+1) respectively. Approximations
to the poles of the closed-loop slgstem can be
found via discretisation of (17). Derivation of
this expression and determination of the poles is
discussed in full detail in [15].
Using this equation, the closed-loop poles for a
specific feedback law, i.e. with the elemeftg,
Iven, can be determined. By varying one of
the elements of the feedback law, e kyo, the
poles will move away from their original posi-
tion. By plotting the path the dominant poles
describe as function of the controller element, a
pole-trajectory plot can be obtained. Using these
lots, controllers that result in satisfying closed-
oop behaviour are designed.

3.2 Observer design

It is important to note that, in practical applica-
tions, the statd’(z, y, t) (and thusv(z, y, t)) can
only be measured at a finite number of points on
the fluid-heater interface. Therefore, the control
law discussed in the above necessitates an ob-
server or "state-estimator”, see [14]. This ob-
server estimates the temperature profile out of
available measurements of the heater tempera-
ture at the measurement points.

We assume that measurements are available at

x = 0 andx = L on the fluid-heater interface,

i.e. at the top left corner and the top right corner
of the heater. The error between the measure-
ments and the output of the observer is used to

approximate the erraf(x, y, t) between system
stateT(x,y,t) and observer stat&(x,y,t), on
the entire fluid-heater interface, i.e. for= H,
meaning % ~ E(z,H,t) = T(x,H,t) —
Z(z, H,t). The approximation£%" is given by
the Fourier expansion of the error in the mea-
surement pointg, = r/R forr = 0, ..., R and

R =1,

~
~

R
Ef@) = Y o Br(@)o:@)mpr (), (20)
r,p=0

wheren; = 1fori = 0Vv K andn; = 2 for
0 < i < K. As observer we employ a copy of

the nonlinear system with injection &f5 on the

The observer thus is governed by

%_f(x, yt) = aV2Z(z,yt),  (21)

with the boundary conditions
i - @+ ult), (23)
R

where ¢ is the observer gain by which the ob-
server error dynamics must be stabilised. Local
stability of the observer error dynamics can be
?uara_nteed via analysis according to (17) of the
inearised observer error dynamics.

3.3 Controller-observer combination

The stability of the closed-loop system is only
guaranteed in a small region around the to-be-
stabilised equilibrium ﬁlocal asymptotic stabilit?/)
as it is based on the linearisation of the nonlin-
ear system and observer. The so-called region of
attraction of the closed-loop system, i.e. the re-
iglo_n in which initial states converge to the equi-
ibrium, can not be determined, however. In the
next section simulations are performed and it will
be shown that in some cases this region of attrac-
tion can be quite large. For some heater heights
it is not possible to stabilise the homogeneous
transition boiling equilibrium and, although the
observer state converges to the system state in
those cases, the system state converges to a non-
unh}(_)lrm (and therefore undesired) temperature
profile.

4 Closed-loop Simulations

To determine the effectiveness of the control
strategy discussed in the previous section, some
simulations are done with the unstable transition
towards film boiling is stabilised. It turns out
that this transition state can only be stabilised for
specific combinations of the heater properties
#heaj[er material) and, H (heater dimensions),
or given@ y (nominal heat supply). This means
that in the design of a thermal management sys-
tem for EVSs, it is important to determine the typ-
ical value for the heat generationy and choose
heater dimensions and material accordingly.

In the following, two case studies are discussed.
The first represents the design of a cooling device
for IGBTs and the second a thermal management
and homogenisation scheme for a small battery
cell. As the pressure can be varied only within a
certain operating range, the input is restricted by

boundary segment where the measurements are —0.8Qx < u(t) < 2Qu ¥ ¢ > 0 in the simula-

available, i.e. at the fluid-heater interface.

tions.
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For the simulations, discretisation of the non-
linear system is accomplished by a Chebyshev-
Fourier-cosine spectral method identical to that
underlying (14) in combination with a second-
order Cranck-Nicholson time-marching scheme
[20]. This admits a highly accurate approxima-
tion of the underlying nonlinear PDE with rea-
sonable finite resolutions. The discretised sys-
tem is then solved for each Fourier-mode indi-
vidually; their coupling via the boundary condi-
tion ony = H is treated by a standard Picard
iteration [19]. The initial conditions are con-

structed similarly as in [14]T(0) = T + en,

with T, the to-be-stabilised equilibrium ang
an exponentially-decaying Gaussian perturbation
(standard deviation equald with magnitudee.

In the followinge = 10~ is taken.

4.1 1GBT-cooling

IGBTSs are high-power switching devices used to
switch large amounts of power from the battery
pack to electrical coils, which produce about four
times as much heat as a conventional computer
chip. For this case study the heat generatibn

is set toQy = 15 W/cn? see also [17]. For
two different heater designs, i.e. the height of the
heater is varied, the control strategy introduced
above is applied to the system for stabilisation
of the homogeneous transition state. It will be
shown that the heater can not be made too thin
as this promotes non-uniform temperature distri-
butions in the device. The length of the heater in
this case id, = 80mm, which is the length of an
IGBT of dimensions30 x 80mm.

4.1.1 Heater height: H = 20mm

The controller and observer parameters are taken
according to

(ko,0, k1,0, k2,0) = (—30,—10,6.6),
q =2,

(25)

and controller parameters for higher Fourier-
Chebyshev modes, i.ek,;, forn > 3 ork >
0, equal zero. In Fig.4 the simulated evolu-
tion of the interface temperaturd(z,t)
T(x, H,t)) is shown (progression in time is in-
dicated by darker shades of grey of the interme-
diate profiles). This reveals a smooth progression
from an essentially heterogeneous initial state, to
the final homogeneous state. This means that dis-
turbances that arise during operation can be sup-
ressed effectively, resulting in constant and uni-
orm temperatures. As can be seen the region of
attraction is quite large in this case. Although
the temperature of the IGBT is too high initiall
the controller manages to remove the excess
in the IGBT and the heater. As a result, the su-
perheat drops to the desired valueioK. Fig. 4
shows that the initial temperature fluctuations in
z-direction are rapidly smoothed out, resulting
i0r|1 a homogeneous temperature distribution in the
evice.

%’eat

— Initial profile|
Equilibrium
—Int. profiles f
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soF

00 0.01 0.02 0.03 004. 0.05 006 0.07 0.08

z[m

Figure 4: The evolution of the interface temperature
Tr(z,t) is shown for the IGBT-cooling case study,
H = 20mm. The thin grey lines are intermediate pro-
files, progression in time is indicated by darker shades
of grey.

The temperature as function of time in the points
(z,y) = (0,H), (z,y) = (3L, H) and(z,y) =

(L, H), i.e. the validation points, of both system
and observer is given in Fig. 5. It can be seen
that the observer state quite rapidly converges to
the system state, from whereon the system state
converges to the equilibrium.

500

—T@O,Dt) |
T(0.5L,D,1)
—T(L,D,t)
---Z(0,D,t)
Z(05L,D1) ||
---Z(L,D,H)
Equilibrium]|

450(
400
350f

\¢ 300} ;

—
5 250
~—

~

é“zoo—

150§
100}

501

00 160 260
Figure 5: For the IGBT-cooling case studi, =

20mm, the evolution of the interface temperature of
the system (solid line) and the observer (dashed line)

are shown for = 0, z = L andz = L.

Finally, the input used to stabilise the equilibrium
is given as function of time in Fig. 6. Initially,
the input is maximal due to the observers initial
state, subsequently, the input is minimal until the
temperature setpoint is reached.

412 Heater height: H = 8mm

If the heater ig7 = 8mm of height, the transition
to film boiling can not be stabilised, since the in-
terface temperature converges to a non-uniform
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Figure 6: The input as function of time is shown Figure 7: The evolution of the interface temperature
for the IGBT-cooling case studyd — 20mm. The Tr(z,t) is shown for the IGBT-cooling case study,

bounds of the input are given by the dashed lines. H = 8mm. The thin grey lines are intermediate pro-
files, progression in time is indicated by darker shades
of grey.

state (partial vapour blanket). The controller and
observer parameters are taken according to (25).

150

The non-uniform state has temperatures that cor- —T(0D}Y
respond to film boiling and regions with temﬁera- T(0.5L.D1)
tures that correspond to nucleate boiling. The de- —T(LD.)
vice thus will get very hot in some regions, while ; ---2(0.D.)
other regions still are well cooled.” This phe- __ 100} 2(0.5L.D.1) |
nomenon can not be avoided by taking different X |/ -—--Z(LD.) |
controller parameters as the homogeneous transi- = |\ A Equilibrium
tion equilibrium is non-stabilisable for these sys- O

tem (Joarameters. As the pressure can not be al- & 50! ]
tered as function ofr, the heat supply in our
model must be varied uniformly. As a result, the
system is not fully controllable. Depending on
the system parameters the homogeneous transi- L
tion equilibrium is then either stabilisable or non- % 100 200 300 40
ﬁtabilisable.f In Fig. 7 the evo_Iuti%n of thAeI ftI1Uid-h tse
eater interface temperature is shown. Althoug ; . eanli _
the initial condition is taken quite close the the  9ure 8: For the IGBT-cooling case studif =
equilibrium, the small perturbations are ampli- 8mm, the e\{olgtlon of the interface temperatur(_a of the
fied by the boiling process resultin](gI in the non- system (solid line) and the observer (dashed line) are
uniform temperature distribution. This results in  shown forz = 0, z = %L andx = L.
a large temperature distribution in the device.
In Fig. 8 the evolution of the system and observer
state in the validation points is given. Initially
the observer state has a large deviation from the critical heat flux (CHF). This will adversely af-
system state. As a result, the system state is reg- fect the cooling efficiency, though.
ulated in opposite direction initially. After the
ohbserver state has conv?rg%d on thg S);]stem s}%te,
the system state is regulated towards the equilib-
rium.yThe non-unifor?nity thus is not the rgs_ult 4.2 Battery thermal management
of poor observer performance. After some time  The second case study is the thermal homogeni-
librium and convergence to a non-uniform staté pje ysed in the Tesla Roadster. The same setup
Is observed. _ o Fig. 1) is used as thermal management scheme.
In Fig. 9 the input as function of time is given.  Since the cells are closely packed together in a
It can be seen that the input settles at a nonzero battery pack, the boiling chamber becomes very
value after the system state has converged on the confined, thus significantly limiting the amount
non-uniform state. of boiling liquid. As a result, the net evapora-
In some cases, the convergence on the non- tion/condensation of the total amount of work-
uniform state can be remedied by varying the ing fluid plays a significant role in the cooling
nominal pressure (thus creatinc}; another equi- process. Physical considerations suggest that in
librium to stabilise). However, for these heater a first approximation this can be described by
roperties the only measure that can be taken, is a rescaling the boiling curve. The critical heat
arge safety margin between actual heat flux and flux (CHF) will namely effectively decrease if

500 600 700
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Figure 9: The input as function of time is shown for
the IGBT-cooling case studyf = 8mm. The bounds
of the input are given by the dashed lines.

the volume of the liquid phase of the boiling
medium drops below a certain minimum due to
net evaporation of the total amount of working
fluid. For this case study the boiling curve given
in Fig. 10 therefore is taken. The battery pack in
the Tesla Roadster can deliver up to 200 kW of
electric power at 95% efficiency, see [18]. This
means the heat generation of an individual bat-
tery cell can be as high as approximatély3

W/cnm?. Hence, the heat generation is set to
Qn = 0.33W/cm? for this case study.

a:(To) | |

- --Q,

0.6

0.5

04

03}

Heat flux [W/cn?]

o 2 4 & 8 10 12 1 15 1
Superheat’ [K]

Figure 10: Nonlinear heat-flux functiop-(Tr) ac-

cording to the boiling curve of aluminum vs. FC-72,

see [9]. The dashed line represents the nominal heat
supplyQp.

421 Heater height: H = 3.5mm

Controller and observer parameters are again ac-
cording to (25). In Fig.11 the simulated evolu-
tion of the interface temperaturd(z,t) :=
T(x, H,t))is shown (progression in time is again
indicated by darker shades of grey of the interme-
diate profiles). Similar as for the IGBT cooling
example an essentially heterogeneous initial state
is regulated to the final homogeneous state. This

means that disturbances that arise during oper-
ation can be suppressed effectively, resulting in
constant and uniform temperatures in favour of a
uniform temperature distribution throughout the
battery pack. As can be seen, the region of attrac-
tion is quite large in this case as well. The too low
initial temperature is increased by the controller
by removing less heat from the battery. As a re-
sult, the battery warms itself until it reaches the
desired temperature. The initial temperature fluc-
tuations inz-direction are rapidly smoothed out,
resulting in a homogeneous temperature distribu-
tion in the cell. This means temperature fluctu-
ations can be smoothed very effectively by the
thermal management scheme.

‘—Iniﬁal profile
Equilibrium
—Int. profiles ||

4.5¢

2.5

0 0.01 0.0: 0.04 0.05 0.06

0.02 xfm]

Figure 11: The evolution of the interface temperature
Tr(z,t) is shown for the battery-cooling case study,

H = 3.5mm. The thin grey lines are intermediate

profiles, progression in time is indicated by darker
shades of grey.

The temperature as function of time in the valida-
tion points is given in Fig. 12. Again the observer
state quite rapidly converges to the system state.
Due to the initial error, the system overshoots its
equilibrium value, however. After the observer
state has reached the equilibrium the system state
is regulated towards the equilibrium as well.
Finally, the input used to stabilise the equilib-
rium is given as function of time in Fig. 13. Ini-
tially, the input is taken maximal, then minimal
and subsequently it smoothly converges to zero
as the system state converges on the equilibrium.

4.2.2 Heater height: H = 1.75mm

If the heater ig7 = 1.75mm of height, the transi-
tion to film boiling can not be stabilised, since the
interface temperature converges to a non-uniform
state (partial vapour blanket). This represents a
temperature non-uniformity in the battery cell,
which is undesired. The controller parameters
are taken according to (25). In Fig. 14 the evo-
lution of the fluid-heater interface temperature is
shown. Although the initial condition is taken
quite close to the equilibrium, the small perturba-
tions are amplified by the boiling process result-
ing in a non-uniform temperature distribution.
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Figure 12: For the battery-cooling case study,=
3.5mm, the evolution of the interface temperature of
the system (solid line) and the observer (dashed line)

are shown for = 0, z = L andz = L.

—u()
---bound

-05 . . |
0 10 40 50

Figure 13: The input as function of time is shown
for the battery-cooling case study, = 3.5mm. The
bounds of the input are given by the dashed lines.

As before, this can not be remedied by taking
different controller parameters. Furthermore, the
distributions represent local hot regions and lo-
cal cold regions. Although the temperature non-
uniformity does not exceed approximatély for
this individual cell, it can accumulate to quite
large differences in an entire battery pack.

Fig. 15 depicts the evolution of the system and
observer state in the validation points. The fig-
ure shows that the non-uniformity is not the re-
sult of poor observer performance as the observer
state converges to the system state quite rapidly.
Furthermore, it can be seen that initially the con-
troller keePs the system at its equilibrium, but
then small fluctuations inc-direction are am-
plified and in the system converges to the non-
uniform state.

In Fig. 16 the input as function of time is given.
Again the input settles at a nonzero value due to

the fact that the system has not converged on the function of the heater temperature.

equilibrium.

[ —Initial pro‘filei
Equilibrium
—Int. profiles {

0.0: 0.04 0.05

0.02 xfm]

0 0.61
Figure 14: The evolution of the interface temperature
Tr(z,t) is shown for the battery-cooling case study,

H = 1.75mm. The thin grey lines are intermediate

profiles, progression in time is indicated by darker
shades of grey.

—T(0D,}Y
7 T(0.5L,D,1) |
. —T(LD.Y
,:’ ---Z(0,D,1)
=5 Z(0.5L,DY) |
= 1 ---Z(LD.Y
By ~ Equilibrium||
Sat
2
Al
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360
t[sed

Figure 15: For the battery-cooling case study,=
1.75mm, the evolution of the interface temperature of
the system (solid line) and the observer (dashed line)
are shown for: = 0, z = 1 L andz = L.

5 Conclusion

In this study, a 2D nonlinear heat-transfer model
for a boiling-based cooling device for cooling
of Insulated Gate Bipolar Transistors (IGBTS)
and battery thermal management in Electric Ve-
hicles is considered. The model involves only the
temperature distribution within the heater, i.e. a
thermally conducting element between the to-be-
cooled device and the boiling liquid. The heat
exchange with the boiling medium is modelled
via a nonlinear boundary condition imposed at
the fluid-heater interface. In order to apply boil-
ing at its fullest efficiency, unstable modes in the
system must be stabilised.

To this end, a controller is introduced that reg-
ulates the pressure in the boiling system as a
y increas-
ing (decreasing) the pressure, boiling can be sup-
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Figure 16: The input as function of time is shown for
the battery-cooling case studi, = 1.75mm. The
bounds of the input are given by the dashed lines.

ressed (stimulated) and as a result, more (less)

eat can be extracted from the heater by the boil-
ing liquid. In this way the boiling system can
be kept in the efficient nucleate boiling regime.
The entire temperature profile within the heater
is estimated by an observer using only two mea-
surements, both on top of the heater. Previous
analyses have shown that controllers based on
the dominant modes of the temperature profile
within the heater are effective, see [16]. For this
reason, the controller developed for this system
is based on these modes as well.
The control strategy filters the Chebyshev-
Fourier-cosine modes of the temperature profile
of the heater. These modes are intimately re-
lated to the eigenmodes of the system. Therefore,
the dynamics are mainly prescribed by the dom-
inant modes, that is, the lower order Chebyshev-
Fourier-cosine modes. The feedback law thus en-
ables control of exactly those relevant lower or-
der modes.
The observer is a copy of the nonlinear pool boil-
ing model with an extra term in the boundary
condition for the fluid heater interface, i.e. the
top of the heater, by which convergence of the
observer state on the system state is to be accom-
Bhshed. This extra term accounts for the error

etween observer and system state on the fluid-
heater interface.
Local asymptotic stability can be established via
the linearised system and observer. Satisfactory
closed-loop behaviour is obtained by fine-tuning
of the control parameters using a characteristic
equation which is derived using the method of
separation of variables.
The performance of the control law for stabili-
sation of the nonlinear system is investigated in
order to establish its value for practical purposes.
Relevant issues are the asymptotic stability and
evolution of the nonlinear closed-loop system.
Simulations are performed for two case studies:
() IGBT cooling and (ii) battery thermal man-
agement. It turns out that the closed-loop be-
haviour of the system is dependent on the system
parameters such as height of the heater.
The first case study reveals convergence of the

evolution of the nonlinear system on the unstable
steady state for a wide range of initial states in
caseH = 20mm. These findings imply that the
control loop indeed is capable of robustly stabil-
ising the pool-boiling system for these parame-
ters. For a thinner heatelH = 8mm, however,
convergence of the nonlinear system on an essen-
tially non-uniform state is observed. The final
state has a region with temperatures correspond-
ing to nucleate boiling ('cold spots’) and has a re-
gion corresponding to film boiling ('hot spots’).
This results in local 'hot-spots’ on the IGBT and
is highly undesired since it can lead to failure of
the device. In some cases, this phenomenon can
be remedied by varying the nominal pressure in
the boiling chamber. However, for these heater
properties the only measure is stabilisation of the
nucleate boiling equilibrium. A safety margin
needs to be taken into account for this measure,
thOLIJgh, this affects the cooling efficiency nega-
tively.

If boiling is applied to the individual cells in a
battery pack, the net evaporation/condensation of
the boiling liquid plays a significant role as the
volume of the pool is much smaller due to the
closely packed battery cells. Physical consid-
erations suggest that this can in a first approxi-
mation be modelled by a rescaled boiling curve.
Therefore, thermal management of these cells, in
spite of their low heat generation, still is a chal-
lenge, since non-uniform temperatures and local
'hot spots’ may still occur. The case study re-
veals that convergence to the unstable uniform
transition boiling equilibrium can nonetheless be
achieved forH = 3.5mm. For this case study,
similar as for the IGBT-cooling case study, also
convergence to a non-uniform state is observed
for a thinner heater, i.eH = 1.75mm. This is
highl?/ undesired in battery thermal management,
as it leads to more rapid battery deterioration.
Nevertheless, both case studies show that the ef-
ficiency of boiling-based cooling schemes can be
increased by dynamically varying the pressure
inside the boiling chamber. This puts forth boil-
ing heat transfer as a promising solution for ther-
mal management issues in electric vehicles. Dur-
ing the desi%n process heater material and dimen-
sions must be chosen carefully, though.
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