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Abstract. A detailed analysis based on a lumped parameter model is presented of a cooling
system for electronic equipments based on the combination of Peltier cells, air-cooling and
liquid cold plate. A comprehensive model, specifically tailored for the cooling system under
investigation, is introduced; the whole set of assumptions useful for the description of each
element of the lumped parameter model, is described in depth. The model has been calibrated
through an exhaustive comparison of numerical results versus experimental data, based on data
gathered in experiments already published. Despite the large number of simplifying
assumptions, the general good accordance between calculated and measured results
demonstrate the reliability of the lumped parameter model, intended to be used for predicting
the behaviour of the cooling system for currently untestable experimental conditions. Finally,
the model is used as a useful design tool to investigate the cooling circuit under different
operating conditions, in order to optimise the cooling solution here proposed.

1. Introduction

Nowadays, in power electronics, high efficiency, small size and low weight are required. High
efficiency means, among others, compactness and low cooling power demand. However, as usual in
power electronics, compactness frees spaces, and makes them available for an extra power production.
For larger power the heat release is large again and thus efficient cooling systems are needed to avoid
overheating. It is well known that an excessive temperature increase means a shorten expected life of
the components, in particular a degradation in the insulation of the windings in the coils, an increase of
the core losses in the inductors, a degradation of the dielectrics in capacitors, a shorter life of the active
components, like MOSFETS.

In power electronics, power supply systems belong to a sector showing a continuous development. In
recent years, this evolution has been motivated by the need of the best conversion efficiency, the
reason why the SMPSs (Switch Mode Power Supplies) were born. An SMPS, like any other power
supply unit, transfers energy to a direct current (DC) load from a source in direct current (DC) or
alternating current (AC), converting its current and voltage characteristics. Applications of the SMPSs
are many, especially for low powers. The examples of utilizations of the SMPSs for high power are
fewer (for instance an application in the power supply of RF amplifiers for digital television
transmission [1]).

An innovative field, which offers many possibilities for the use of SMPS converters / power supplies
in high power applications, is automotive. For example, to be able to accumulate the energy taken
from the electric network (AC), in a battery (DC) placed on an electric vehicle (EV), SMPSs are used
[2,3]. SMPSs are also used bi-directionally (acceleration and braking) in electric vehicles (EVs) and
hybrid electric vehicles (HEVS) [3,4].
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As already discussed in [1,5], in a SMPS converter the most overheated components are usually the
passive ones (condensers, coils, transformers). In this situation liquid cooling, usually considered an
efficient and reliable cooling solution in high power utilizations, present difficulties in cooling the
cumbersome passive components. While it is easy to place the active components directly on a liquid
cold plate, the large passive components of a SMPS (capacitors, transformers and coils) need to be
placed on a printed circuit board (PCB). It is difficult with a cold plate to maintain both PCB and
passive components at the design temperature, because the latter are originally developed for air-
cooling. For this reason, we developed a hybrid solution, using both liquid- and air-cooling [1,5].

In details, we produce an airflow, for cooling the passive components, with a large finned surface, in
its turn cooled by a cold plate. Finally, the cooling liquid is refrigerated with a low-cost external heat
exchanger. The solutions presented in [1] and in [5] differ for the presence of Peltier cells between the
finned heat sink and the cold plate. These cells are necessary to get an airflow temperature lower than
the ambient temperature. Gupta et al. [6] tested a similar solution for a high frequency on-board
electric vehicle charger. They also proposed [6] a different solution, consisting in the encapsulation in
a thermal potting epoxy of the magnetic components (transformers and coils). Heat is transferred to
the cold plate through heat pipes.

For the liquid cooled Switch-Mode Power Supply (SMPS) discussed in [5], the results are presented of
a theoretical investigation on its thermal behaviour. The analysis is based on a lumped parameter
model of the cooling system. Lumped parameter models are largely used in engineering for their
simplified mathematical and numerical approaches, which minimises the necessity for
computationally intensive procedures. Their fields of application are very different: thermal plants
[7,8], heat pipes [9], geothermal plants [10], electrical machines [11], blood flow in systemic arteries
[13].

A comprehensive model, specifically tailored for the cooling system under investigation, is thus
introduced; the whole set of assumptions useful for the description of each element of the lumped
parameter model, is described in depth. The model has been validated through an exhaustive
comparison of numerical results versus experimental data, based on data gathered in experiments
already published [5]. Despite the large number of simplificative assumptions, the general good
accordance between calculated and measured results demonstrate the reliability of the lumped
parameter model, intended to be used for predicting the behaviour of the cooling system for currently
untestable conditions. Finally, the model is used as a useful design tool to investigate the cooling
circuit under different operating conditions, in order to optimise the cooling solution here proposed.

2. Model and Calibration
The cooling solution proposed in [5] is here modelled with a system of non-linear equations based on
energy balance equations made on the different sub-systems of the equipment:

- PCB and components.

- internal air,

- finned heat sink,

- Peltier cells refrigerator,
- cold-plate,

- air-cooled radiator.

In figure 1 a lumped parameter model of the cooling system based on an equivalent electric scheme is
shown.

Heat is produced on the PCB principally by the passive components (coils, condensers and
transformers), since the active components are placed directly on the cold plate [5].

The energy balance for the passive components is given by:

Toe T
Q=2 1)
pc
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where Q. is the heat dissipated by the electronic components as a function of efficiency and of power
absorbed by the electronic system.
The thermal power to be cooled in the finned heat sink is given by:

QC = Qa + Qfan + Qdiss @)
In more details, Quiss is given by:

Qdiss = (Ks)a,m—e (Te - Ta,m )+ (Ks)w,m—a,m (Tw,m - Ta,m )+ (Ks)a,i—e (Te - Ta,i ) (3)

where the different terms (KS); in figure 1 are indicated in form of thermal resistance as R;.
The energy balance of the finned heat sink is given by:

(Ta,i _TC)_ (Ta,o _TC)

AR VR @
h—a,o -Te )
~Qc = ()0 QualTai ~Teo) (5)
The energy balance in the Peltier cells cooling system is given by:
R.Qc =N(Te -T;) (6)
Qc =N [Scellloelch ~0.5R g canl ot = Koan(To — T )J (1)
Qu =—~Qc + NV lcan) (8)
RnQu =N(Tym~Th) ©)
Ve = (Th = Te)Scan + Reet et (10)

where Scen, Rel, cen and Keen are the parameters characterizing the Peltier cells.
The energy balance in the cold plate is given by:

Qu =Qn + Quosrer + (Quiss Jo-w.m — (Qeiss )am-wm (11)

where the terms (Quiss)i are the contributions to the heat exchanged by the cold plate with the ambient.
The energy balance in the radiator is given by:

—Quw = (pc)w,m Quw (Tw,o _Tw,i) (12)
Te
— finned heat sink
R a,i-e R w,m-e
o =] "T'a,f"'"*. Re
T T T
l R ame ﬁ ! @ R passive
' e » - -—--! T ** | components
Tcé\ f Ta,o R<‘:' hc Q .
{ — vmam Two radigtor
coldplate —{[- @7 T _____ Tun@——5"""""""8 """ _@
Tw,i e

Figure 1. Lumped parameter schematics of the cooling system.
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Qu = —W'g € (13)

With equations (1-13) we are able to arrange a set on nonlinear equations, consisting of a system of 9
equations with 9 unknowns: Tpc, Tw,i, Tw,o, Tc, Taji, Tao, Th, Tc and L.

This system is solved iteratively with a freezing procedure, where at each pass just one equation and
one unknown are considered. The remaining unknowns are "known" with the value pertaining to the
previous pass.

The parameters characterizing the Peltier cells are obtained on the base of their data sheet, by
following the method proposed in [13]. The Peltier cells originally used in the experiment [5] were
chosen of rectangular shape (50 % 25 mm), so as to overlap the pipes of the cold plate, with a limited
protrusion over the plate. The main characteristics of the commercial BiTe-based Peltier cells
(Kryotherm TB-195-1.0-0.8) are Imax=5.8A, Vmx=24.1V, Qnax=86W, ATmx=68K, at a
reference temperature Tr = 300 K. Furthermore, the factor form of the thermoelements is G = 1.25-10°
% m, since their area is A = 10° m? and the thickness L = 8-10"* m.

Preliminarily, in the tuning operations, the thermal resistances R., Ry and Ry are interpolated on the
base of the available experimental data; their expressions are:

5

Re(Tw,m): 4 ai(Tw,m)Fl (]_4)

Rf(Tc):Zai(Tc)iil (15)

Rpe(Ti )= (T, ) (16)

i=1

Successively, the different (KS); included in equation (3) are tuned, with a regression routine, on the
base of the already available experimental data for the seven unknowns of the model, reported in [5].
The tuning operation is considered concluded when the calculated values of the unknowns agree with
the experimental ones. In figure 2 calculated values of the unknowns and the corresponding
experimental values, grouped in two graphs for the different scales, are compared, in order to show the
final agreement and the quality of the tuning operation.

Furthermore, in table 1 a comparison of calculated and experimental values of power, more
specifically cooling power, Qc, water to air power Qw and power absorbed by the Peltier cells, Qrec, is
shown. As for the unknown parameters of figure 2, also in the comparison of table 1 a very good
agreement is confirmed.

3. Results

The model proposed in Paragraph 2 has been used to scale up our integrated air-water cooling system
for values of useful power, Qop., higher than those experimented in [5]. For practical reasons, in [5] the
maximum useful power supplied was of 3 kW. In the future it will be possible that this useful power
could be increased up to QoL =5 kW. With our model, based on the available experimental data, it
will be possible to individuate solutions useful to guarantee the exercise requirements, in particular an
acceptable temperature for passive and active components, also for the heaviest operating conditions.
It will be also interesting an analysis of the exercise conditions for values of the ambient parameters
lower than the upper limits normally used in the design step.

The design parameters are T.i =30°C and T.=40°C. This value of ambient temperature, Te, iS
accepted by several recognized standards. For instance, in [14] this is the upper limit for the extreme
operating conditions of the equipment and the requirements shall be met with the equipment operated
at this value. The cooling air temperature, Ta;, is chosen so that for the airflow flow rate, the highest
temperature of the passive components will be lower than 90°C.
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Figure 2. Comparison between experimental data and calculated values after the tuning process of
the main parameters used in the mathematical model of the cooling system.

Table 1. Comparison of experimental and calculated
values of power.

Qc (W) Qw (W) Qrec (W)
exp. calc. exp.  calc. exp. calc.

7641 71.72 269.2 2575 87.02 83.73
80.49 76.75 332.6 321.6 152.0 1478
81.18 79.20 402.6 387.0 226.0 2156
81.87 80.46 480.3 476.5 3154 306.7
81.35 79.40 578.5 573.6 417.1 4071
77.93 76.96 696.1 679.9 528.6 516.9
73.73  72.65 819.5 792.8 653.4 635.1

As design constrains, we use as fixed conditions some of the parameters measured in [5]. In more
details, water and air mass flow rates are: Qva = 43.0 m®/h, Quw = 0.176 m*/h.

Width and height of the finned heat sink are also kept constant, while the length is increased or
decreased with the number of the Peltier cells. The thermal resistance of the finned heat sink is then
increased or decreased as a function of the length of the fins.

The total number of cells is subdivided in modules of equal number of cells. Inside the modules the
cells are electrically connected in series. In the whole cooling system, the modules are then wired in
parallel.

The unknown parameters of the design exercise are the number of cells, N, and the voltage of the
thermoelectric cooler, V.

As the main design requirement, we chose a high value of the Energy Efficiency Ratio (EER) of the
thermoelectric cooling system, so to reduce the electricity consumption. EER is defined by:

EER = & an
TEC

In figure 3 the distributions of EER are shown as a function of the number of Peltier cells and for
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different values of useful power, Qo.. The whole set of distributions of EER show a maximum, more
evident for low powers, Qpr. For an assigned value of Qc, the highest the EER, the lowest the energy
consumption of the Peltier cells. Therefore, in EER distributions it is possible to identify an optimal
number of cells, N, for each useful power value, Qpr, able to assure the design condition with the
minimum energy consumption. It is also evident that for the maximum useful power considered,
QoL = 5 kW, the maximum is not clearly recognizable.

In figure 3, the cooling power, Qc, is also shown. This value is definitely independent on the number
of cells.

By combining EER and Qc, the absence of a clear maximum means that for the highest values of Qp.,
the number of cells is not significant in terms of energy consumption. For these values of Qp., the
choice will move from the optimum value of N, to the minimum able to assure the design
requirements. In this way for the same costs of exercise, the minimum initial cost will be guaranteed.
Afterwards, we studied in deep the trends of the EER shown in figure 3, by putting in evidence all the
contributions to equation (17). Through equation (7), the cooling power, Qc, can be unbundled in three
different contributions: Peltier, Joule and Fourier. The cooling power is a linear combination of these
three terms.

In figure 4 the cooling power, Qc, is shown together with the power absorbed by the Peltier cells,
Qrec. Furthermore, the power of the three terms Peltier, Joule and Fourier is also shown. The whole
set of values is graphed as a function of the total number of cells. The results refer to QoL =5 kW.

The thermoelectric effect is mainly due to a balance between Peltier and Fourier terms. The role
played by the Joule term is always lower. Necessarily, the Peltier term increases with the number of
cells, while the Fourier one decreases.

While Qc is quite constant with the number of cells (figure 3), the power absorbed by the cells, Qrec,
reflecting the Peltier term, increases. Qrec shows a minimum, even if barely outlined because of the
scale of the axes, in correspondence of N =116. This is the same number of cells already seen in
figure 3.

In figure 5 the design number of cells is shown as a function of the useful power, QpL. The "maximum
EER" number of cells increases quadratically with Qp., because this is the trend shown by the electric
power dissipated by the power supply, Qa [1], which is the main contribution to Qc. In figure 5 the
trend of the cooling power per single cell, Qc/N, is also shown. This parameter is quite constant, with
a slight tendency to a linear increase with the useful power. This is due to the dependency on the

0.75 270
——a—=——F—F
1kw 5 kw
] FQd(w
EER .z/k_w___\_\-\- Q.(W)
0.65 - j/k.V\LI—H\.\- 220
4 kW
0.55 - - —— L 170

——a—o—a—a——o-=8 4kW

045 - 3 kW r 120

5 kw
2 kW e e S
—e—a—+=—+a+5+8 1kW
0.35 s e o s s e e L S e e e B R AN R et e 70
24 32 40 48 56 64 72 80 8 96 104 112 120 128 136
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Figure 3. Distributions of EER (black symbols) and Qc (white symbols) as a function
of the number of cells and for different values of useful power.
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temperature of the electro-thermal properties of the Peltier cells: the higher the temperature, the greater
the value of the properties.

For our integrated air-water cooling system [5], the parameter Qgiss, the power dissipated through the
walls of the equipment, plays a significant role, because in the design conditions the internal air
temperature, Ta;, is sensibly lower than the ambient one, T.. The model proposed in Paragraph 2 has
been thus used also to evaluate the behaviour of the cooling system for values of the operating room
temperature, Te, in the interval 0 + +40°C [14]. The results of these calculations are shown in figure 6.
It is useful to begin the examination of figure 6 with the values of the power to be cooled in the finned
heat sink, Qc, and of that absorbed by the Peltier cells, Qrec. For a fixed value of Ta.i, when the
ambient temperature decreases, the power to be cooled, Qc, also decreases, and the reduction is
significant. The lower cooling power requires a lower power absorbed by the Peltier cells, Qtec. The

3750 0
Qc Qe - -+ o+ o Joule
X ——o——¢ L 2 .
Peltier |:> Fourier
(W) (w)
3000 - r -600
<:| -=-Qtec
2250 - Qe L -1200
-&-Peltier
1500 - e Joule [ -1800
|:> -e—-Fourier
750 <:] e—un o L L o g o [ "2400
T
0 T T T T T T T T T T T T T T T -3000
68 76 84 92 100 108 116 124 132

Cells Number

Figure 4. Trends of the different power terms of equation (7) as a function
of the number of cells (QoL =5 kW).
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Figure 5. Number of cells for the "Maximum EER" and cooling power for
single cell.
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Figure 6. Different temperatures (white symbols) and heat fluxes (black
symbols) as a function of the ambient temperature, Te.

decrease of Qrec is very strong in the interval +20°C < T, < +40°C.

In figure 6, beside the values of Qc and Qrec, the temperature is shown of the hot and cold junctions of
the Peltier cells, Tn and T, respectively, and the air temperature leaving the finned heat sink, T,;, both
for closed and open circuit on the electrical load.

The fast decrease of Qrec in the interval +20°C < T. < +40°C is matched to an also decreasing
difference of temperature between the junctions of the Peltier cells, T - T . In more details, the hot
junction temperature, Tr, shows a very fast decrease, while the cold junction temperature, Te, is quite
constant. This is true up to an ambient temperature, Te, of 17°C, where the difference of temperature,
Th - T¢, becomes zero. For Te < 17°C, the Peltier cells start working as an electricity generator. The
power generated is generally small, depending on the thermal resistance of the connected power
supply. For instance, for a typical switched power supply, the load resistance in "stand-by" condition
(power ON and no power supplied) is about 1 Q, while in "connected" condition (power OFF and
connected) is about 1000 Q.

For values of the ambient temperature lower than 17°C the temperature of the air leaving the finned
heat sink, Taj, is still 30°C without any thermoelectric cooling contribution, since the Peltier cells are
working as an electricity generator.

For values of the ambient temperature lower than 12°C, the temperature of the air leaving the finned
heat sink, Tai, is even lower than 30°C, always without any need of a thermoelectric cooling
contribution.

In the region of T. where the difference of temperature, Tn- T, becomes negative and the
thermoelectric power Qrec is zero, the cooling power is exchanged with the cooling water by the
“thermal™ conduction through the Peltier cells. For this reason, for T.<17°C the cold junction
becomes hotter than the hot one (T. > Ty). In this region the thermoelectric cooler switches to a
thermoelectric generator and at its ends a small voltage can be measured.

By comparing the distributions of temperature obtained for the power supply of the cells ON (Taicc)
or disconnected (Taioc), in figure 6 the cooling effect of the Peltier cells is well evident. For low
values of the ambient temperature (Te < 13°C) the two distributions are quite coincident. The limited
difference is due to the fact the in the case of open circuit (power supply disconnected), the equivalent
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electric resistance at its ends tends to infinity, while in the case of closed circuit (power supply
connected even if switched OFF) the equivalent electric resistance is finite (about 1000 Q).

For values of the ambient temperature higher than 13°C, when the power supply is disconnected, OC,
the temperature of the air leaving the finned heat sink is soon so high to make the situation unsafe.
Conversely, when the power supply is connected and switched ON, the thermoelectric cooler, when
properly regulated, is able to maintain the required value Taicc = 30°C.

4. Concluding remarks

A theoretical investigation is carried out of the thermal behaviour of a new cooling system [5] for high
power electronics based on the combination of thermoelectric cooling, air-cooling and liquid cooling.
A comprehensive numerical model, specifically tailored for this hybrid cooling system, is developed,
based on a lumped parameter approach. The model is calibrated through an exhaustive comparison of
numerical results versus experimental data, based on the data gathered in experiments already
published [5].

With this model, the cooling system is analysed for working conditions different from those
previously experimented [5], characterized by higher useful powers, which are consistent with
manufacturer’s new future operational conditions.

Useful information is obtained on the behaviour of the thermoelectric cooler (TEC), in particular on its
optimum design.

The utilization of a TEC seems to be a proper solution if the ambient air temperature is as high as
required by the Electronics Standards, because it is able to create an internal environment at the proper
temperature. For a complete exploitation of the TEC, an accurate design of the system on the base of
the parameters affecting its performance is required. Differently, the risk of a dissipation of power
without a corresponding cooling effect exists. Finally, we can say that the proposed numerical model
is the correct instrument for the design stage.
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cold junction

at the base finned heat sink

closed circuit

for a single cell

power exchanged through the walls
of the casing with the ambient
dummy load, electric useful power
external ambient

finned heat sink

produced by the fans

<

@

<HLIIROLOZ

3—-I=

max
MOSFET

oC

pc
TEC

number of Peltier cells
heat flow (W)

flow rate (m>/s)

thermal resistance (KW™)
electrical resistance (€2)
electromotive force (V/K)
temperature (°C)

voltage (V)

hot junction

hot side of the TEC
inlet

mean

maximum

electronic active components
outlet

open circuit

passive components
thermoelectric cooler
water
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