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Abstract

The results are presented of an experimental ifyesin in a liquid cooled Switch-Mode Power Sup(@MPS). The target
is a quantitative analysis of the performance a@baling system designed to dissipate the heat g#gebby the active and
passive electronic components of this SMPS, inrdalémit its maximum operational temperature. Tduetive components
are cooled with a liquid cold-plate. The passivenponents are cooled with an air flow. The tempeaeatf this airflow is
controlled with Peltier cells coupled to the cold#e. Measurements are made of temperature antéofrie efficiency of the
SMPS. The cooling system is placed in an experah&mtl where it is possible to measure and conting cooling liquid
flow. A detailed analysis of the thermal behaviofithis cooling system is given. Finally, the pieat significance of the
problem is discussed.

more hydraulic circuits are obtained for their éoglwith
water flowing in forced circulation [8]. While isieasy to
Nowadays, in power supply electronics when highcollocate the active components on a cold plate, ldinge
efficiency, small size and low weight are requirsditching passive components of a SMPS, like condensers,
regulators are used as replacements for traditifiimedar) transformers and coils, need to be placed on dggricircuit
regulators [1]. A Switch-Mode Power Supply (SMPS)an  board (PCB). It is difficult with a cold plate toammtain both
electronic unit incorporating a switching regulatorconvert PCB and passive components at the design temperatur
electrical power efficiently. Unlike more convemid because they are originally developed for air eapli

power supplies, a SMPS minimizes the wasted enangly
ideally dissipates no power. This higher efficiemecypower
conversion is an important advantage of SMPSs, aamyn
coupled to smaller size and lower weight than adm
supply, due to smaller size and lower weight of th
transformer.

1 I ntroduction

In a previous paper we presented [9] the results thiermal
analysis in a liquid cooled SMPS for digital TV paw
amplifiers. Since this SMPS was characterized bgh hi
dpower and high compactness, thereby making thedaten
cooling techniques difficult to be used, a new oapl
system was developed, using at the same time \waterir

High electric efficiency and reduced cooling requients

as the cooling media. In particular, the active ponents

are thence the main characteristics of a SMPS .[2-3]MOSFETSs) were cooled with a liquid cold-plate, ahe

However, as usual in power electronics, compactnesms
larger power; for larger power the heat releadarge again

and thus efficient cooling systems are needed toidav

overheating. The main effects of an excessive teatyie
increase in a SMPS can be referred to a shortezcteg life
of the capacitors, a degradation in the insulatidnthe
windings in the inductors, an increase of coredess the
inductors, a shorter life of the MOSFETSs [4]. Fertiore,
for a safe and effective behaviour of the transtrnan
acceptable temperature rise must be guarantee®(f].to
limitations of size, the transformer often is theosin
overheated component of an SMPS.

As an efficient cooling system, liquid cooling checome
an interesting solution, also because it allowsgaificant
size reduction of the equipment in line with thquieements
of electronics design [6, 7].

Actually liquid cooling is obtained with cold-plate
consisting of a plate, usually in aluminium, on ebhiare
fixed some electronic components and within whicle or

passive components (condensers, transformers,) auitls
an air flow. This was cooled in a large finned au#, in turn
cooled with the cold-plate. Finally, the water wasoled
with a low cost external heat exchanger.

Unfortunately, this solution is limited by the armbi air

temperature, fixing the lower bound to the tempemt
distributions. When the ambient air temperaturdigh it

can result the need to distribute the air on thesipa

components at a lower temperature. To obtain #sslt a
new configuration was developed, where the air fiowstill

cooled in a large finned surface, the latter beiogled with

the cold-plate through a set of Peltier cells. Ttikzation of

Peltier cells in power electronics is not a nelarge review
of these applications is given by Zhao and Tan .[10]
However, our proposal [11] is outside of the triaddial
schemes of application of the Peltier cells, beeaus do
not use them to directly cool the power componénis,to
integrate liquid and air cooling.

In the present paper we present the

results of an



experimental investigation of the performance effeby

this new cooling system specifically designed tesiliate

the heat generated by the active and passive @hectr
components in a SMPS, in order to understand holimio

its maximum operational temperature.

2 Experiment

In [6] the experimental set-up is described in ddtails. For

with its PCB is shown in Figure 1.

The cold plate is used as the base of a closedsiel
where a flow of air is maintained by a pair of faBgles and
cover of the enclosure are in transparent polycst®o The
forced flow is used to cool by forced convectioa fpassive
components placed on the PCB. They are charaatiebya
significant volume occupation and cannot be diyectioled
on the cold plate. Among the passive componenéspties

this reason here just a short description of itsinma that mostly contribute to heat release are: a foamer,
characteristics is given. On the opposite, a dmail three coils and two large electrolytic capacitors.

description of the new test section is reported.
2.1 Experimental set-up

The experimental set-up consists of a hydraulidings
circuit where we can insert a test section, in dase the
cold plate holding the SMPS to be tested. The dimgra
conditions of the SMPS were simulated with a duntoagd
connected to the output. To identify the componémis are
thermally stressed, twenty-five thermocouples wegleeced
in the most significant points of the apparatusqgtialify the
performance, both the thermal power exchanged thi¢h
cooling water and the electric power dissipated the
dummy load, consumed from the electricity networld a

The cold plate (“press-fit” type) is the same used?9],
consisting of an aluminium plate (thickness 10 mwhgre a
cooling circuit is manufactured with a copper p{p&ternal
diameter 6 mm) pressed in a channel machined on
surface of the plate. The pipe runs longitudinallgng the
sides of the plate. Inlet and outlet are on the esaide
(Figure 1). On the opposite side, the pipe is lberform a
coil (Figure 2). Over the coil an aluminium finnkadat sink
is placed (base 151 x 157 mm). The fins (31) aramd®
high, 135 mm long, 1 mm thick and are separated 8ynm
throat.

Between the finned heat sink and the cold-plateP&Rier

absorbed by the thermoelectric modules, were medsur cells are inserted to cool the flow of air. Thelselere
chosen with a rectangular shape (50 x 25 mm), stoas
parameters was carried out with a multimeter Agilenfollow the development of the pipe and overlay agimas
HP34970A. This multimeter was connected to a naikbo possible the pipe itself, with a limited protrusiomer the

The data acquisition of temperature, flow rate aledtrical

by means of a GPIB-USB interface. The data acdpuisit

plate, as shown in Figure 2. A thin thermal inteefais

was carried out by means of a software developed iplaced between Peltier cells, heat sink and caddepThe

Labview environment.

2.2 Test section

main characteristics of the commercial Bismuth uredle-
based Peltier cells (Kryotherm TB-195-1.0-0.8) drgx =

5.8 A, Vinax = 24.1 V, Quax = 86 W. In the thermoelectric

The SMPS (3 kW, +25 + 50 V) accommodates a mix otooler (TEC) the Peltier cells are arranged in fgnaups of

surface mount and traditional technology componeats
reduce the space occupied as far as possible. VRS Ss

protected in temperature and current. It was oaigin
designed for air cooling. Nevertheless, just atishinumber

of modifications was necessary to place the SMPSaon

cold-plate. The modifications were particularly pim
because the active components (MOSFETS) were afigin

three in series; the four chains are then in pelrallhe
current in each cell is thence one forth of thaltot

In front of the finned heat sink two fans (exters@es 50 x
50 mm) collect the warm air from the passive congme
of the PCB and push it into the finned cooling aoef.

Compared to the test section described in [9], d&ssithe

placed on the finned vertical sides of the SMPS. Wese of the Peltier cells, some further changes weaee.
dismounted the fins and placed the MOSFETs in tlirecThe PCB was rotated of 180° for reasons of elatric

connection with the cold-plate. A top view of thelct plate

layout.
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Figure 1: Top view of the cold plate with the PQRlahe cooling system.
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Figure 2: Top view of the Peltier cells distribut® on the
cooling system of the cold plate.

Furthermore, to better ventilate the thermally sses
components, the perforated wall directing the @avfon the
PCB was modified by reducing the number of holesy n
concentrated into a smaller area (Figure 1). Faseh
reasons a direct comparison of the temperature statan
here with those reported in [9] is not possible. assive

components  (capacitors, inductances and
transformers) were instrumented with ‘T
thermocouples, in order to evaluate

calculated as the ratio of the useful power outjputhe
power absorbed from the electric grid:

= QoL
Qsmps + Qrec

1)
where:

Qp. is the power dissipated on the dummy load;
Qrec is the power needed by the thermoelectric cooler;
Qswvpsis the power absorbed by the grid.

EER is calculated as the ratio of the cooling poteethe
power absorbed by the Peltier cells:

Qair

TEC

EER= )

where:

Qair Is the power dissipated by the passive comporietie
airflow.

Since both the thermoelectric cooling system ardattive
components are cooled by the cold plate, a set of
preliminary measurements was performed to evaluate
separately the cooling power needed by the MOSFHits
that exchanged with the airflow in the finned h&ak.

General information on the data accuracy were tedoin
[9]; here only the most relevant information ande th

electrigncertainty of some new parameters are reportece Th
type” overall accuracy on temperature was estimated tbelier
the maximunthan 0.2°C. The relative overall uncertainty of thewer

temperature in the SMPS. Two armoured “T type"exchanged with the cooling water is always lowemtii3

thermocouples were placed upstream and downstrésme o
finned heat sink to measure the temperature ofnteenal
air flow. Two armoured “T type” thermocouples welaced
upstream and downstream of the cold plate to caeyl
together with the complementary data gathered \aith
ultrasonic flowmeter, the total heat released leySMPS.

The values of electric power absorbed by the SMFShe

Peltier cells and dissipated in the dummy load wer
in order to evaluate the power conversi

measured
efficiency of the SMPS and the EER (Energy Efficign
Ratio) of the thermoelectric cooler.

The power conversion efficiency is calculated a&srttio of
the useful power output to the power absorbed fthm
electric grid. EER is calculated as the ratio & ttooling
power to the power absorbed by the Peltier cells.

Since on the cold plate insist both the thermogtecboling
system and the active components, a set of praiyin
measurements was performed to evaluate separdiely
cooling power of the MOSFETSs and that exchangeH wiit
in the finned heat sink.

3

The performance of the thermoelectric cooling systae
discussed in terms of efficiency and EER. The ifficy is

Results and Discussion

%, whereas for Qps Qpr, and Qgc is lower than 1%. The
relative overall uncertainty of efficiency and EERIower
than 1% and 2.5%, respectively. The electric meamsants
are typically more accurate than the thermal ofiés. high
uncertainty in the measurements of the heat ex&thngth
the water, is justified in [9].

3.1 Preliminary Results

Both the MOSFETs and the passive components, tter la
Otrpwough the airflow, are cooled by the cold pléteorder to
evaluate the performance of the solid state codirggem it
is necessary to evaluate separately the differemiponents
of the required cooling. For this aim we rearrandkd
experimental setup for a new set of tests.

The enclosure was opened, the solid state coolstems
was made off, in order to be sure that only the MB®
placed on the lateral pipes of the cold plate [Ggel) were
cooled by the water cooling system. In this newsdhe
tpassive components were cooled for natural corvediy
the surrounding ambient air.

However, in this arrangement the transformer atthiralso
for low values of @, the maximum temperature allowed by
the safety protection of the SMPS and the equipmexst
turned off. For this reason two small fans (SEPAdeio
MFB30G-12, external dimension 30 x 30 mm) were g@thc



directly on the transformer in order to cool thdygmassive conditions which are consistent with the manufaatar
element that can hardly be cooled for natural cotiwe. operational conditions. The investigation was d&dcto
obtain useful information on the temperature disttion in
the thermally stressed components of the device tand
establish the optimum working conditions of the lewp
system.

On the MOSFETSs, to avoid the forced convection iogol
due to the airflow of the two small fans, two coefinents
walls were placed vertically beside the PCB. Alde t
openings of the main fans were closed to avoiceffert of
the forced air flow on the fins. In this way we weable to
measure through the water, the heat exchanged &y th 250
MOSFETSs for different working conditions. The rdsuhre
shown in Fig. 3, together with the total thermadsifpation
and that due to the passive components to air.rfekedion
was then obtained to directly calculate the coopogver of
the passive components @ as a function of the power
absorbed by the SMPS {@J. This distribution is well
interpolated by a second order polynomial.

N

o
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Qsmps-QoL
150 A

QMOSFET

In Table 1 the distribution of temperature in tlserisible"
point of the SMPS (it means on the passive compshés
shown. The position of the thermocouples is shown i
Figure 4. In these preliminary tests, the only pass
component directly ventilated is the transformer. this
tests, except for very low values of power disgdabn the
dummy load (0.5 and 1 kW), one of the coils (TGsl}he 0 ‘ ‘
most overheated component; the overtemperaturedses 500 1000 1500 2000 2500 3000 3500
with the power of the SMPS {Qr9. Qsurs (W)

However, since an overheating protection is plasedhe Figure 3: Distribution of heat dissipation betweantive
transformer, in Fig. 5 the maximum temperature ba t (MOSFET) and passive (air) components.

transformer is shown for different air flow ratesfained o )
with different supply voltage of the small coolifans. The 1able 1 — Temperature distribution on the passive
natural convection (0 V) was enough to maintain th&omponents of the SMPS.

transformer at a temperature lower than the seclintit
only up to a power dissipated on the dummy load &fV; Temeerature QoL (kW)

in this case the limited ventilation of the smalh$ is still ( _C) 05| 1.0] 15| 20| 25 3.0
enough to limit the temperature on the transfornaer | 1C 1induct;47.0 | 51.4) 55.7| 63.2 68.4 83.4
acceptable values. The benefits of a good coolihghe TC2transf.| 47.7) 51.4 553 625 67(7 823
SMPS are evident: the power dissipated by the activ|TC3cond. | 415 421 431 429 44|11 464
MOSFETs decreases with the ventilation. The efficjeis TC4induct| 47.5| 49.6/ 51.1 551 565 641
constant, with differences lower than the experien | 1C5transf.|38.6 | 41.2| 43.6) 48.0 51.0 59.6

100 A

(QSMPS'QDL)! QMOSFET! Qair (W)

a
o
!

uncertainty. TC6transf| 36.9| 40.5 441 505 557 686
_ TC 7induct| 35.7| 38.9 409 43.8 462 542
3.2 Final Results Tamb 276 | 28.1| 28.3| 279 273 29D

The cooling system has been tested for differemntking

[Tca| |TC5| [TC6| |TC7|

o ped oped peo ETAN paq o /a

]| = | - | - |-

[Tc3|  [1c2]  [1ci]

Figure 4: Position of the thermocouples on the passomponents of the PCB.
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Figure 5: Main parameters of the SMPS for differeuirt
flows (@ =1 kW)

In the whole set of final tests the voltage of 8PS is
maintained regulated at 45 V, corresponding tod#sign
condition. The experiments were executed in the $aring,
in a room with a quite constant ambient temperature

In Figure 6 the distributions are shown of effidgrof the
SMPS and EER of the thermoelectric cooler for thiata
sets characterized by different values of the palissipated

in the dummy load (). The data are shown as a function
of the current absorbed by the TEC. These disidhatcan
be well interpolated by power functions. EER desesafor
increasing values of current, and thence of the epow
absorbed by the Peltier cells. Also efficiency dases for
increasing values of current. Both parameters showver
values for lower values of power absorbed by thd>SM

These parameters are not particularly decisivénéndesign
of the cooling system because if it is trivial thlaigh
efficiency and high EER are desired, it is alsodewt that
they seem to be at the best when the cooling syistenff.
For this reason further parameters need to be zadlin
order to individuate the best performances of jfstesn.

In Figure 7 the distributions are shown of the maxn
temperature on the passive components (in this SMB3s
the temperature on the surface of the transforfioerhree
data sets characterized by different values of pgbhever
absorbed in the grid by the SMPS. The data are slamna
function of the current absorbed by the Peltieiscel

These distributions can be well interpolated byosedcorder
polynomials. Higher values of temperature on
transformer are reached for low and high currentshe
Peltier cells. A minimum of temperature is well gt for a
current of 6.0 — 6.5 A, depending on the power.sThi
minimum of the maximum temperature is a good caatdid
for the optimum design condition of the TEC.

In Figure 7 the distributions are also shown oftdrapera-
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Figure 6: Efficiency of the SMPS and EER of thelingo
system.

ture difference between the water in the inlet feé told
plate and the air leaving the finned heat sink. sEhe
distributions are useful to characterize the capkffect of
the TEC. Also these distributions can be well iptdated by
second order polynomials. A maximum &T is well
evident for a current of 9.0 — 9.5 A, dependinglapower.

The different points of optimum of the two temperat
distributions shown in Figure 7 are due to the powe
absorbed by the Peltier cells and discharged in ctiid
plate. While the cooling power needed by the SMBS i
constant for constant power conditions, the poviesoebed
by the TEC increases in order to produce higtier

The maximum cooling effect on the airflow occurs fo
values of efficiency and EER lower than in the ca$e
minimum of the maximum temperature. For this reatben
TEC current able to guarantee the minimum of the
maximum temperature can be chosen as the propgndes
condition. This values of TEC current can also lighty
reduced so as to obtain higher values of efficieamoy EER
with acceptable values of maximum temperature.

In Table 2 the distribution of temperature on thesm
significant passive components is shown. The deafiar ito
the conditions of optimum for the temperature o€ th
transformer, as shown in Figure 7 (it means godidieficy
and acceptable EER). A comparison with the dafeabfe 1,
where only the transformer is cooled, shows tha th
proposed ventilation system is efficient for theolomy of
the SMPS. Also for higher values of temperaturethef
cooling air, the temperature on the passive compusnis

thdower; this effect is generalized over the entgeipment.

4

Electronic equipments are often placed inside esucks to
protect them from environmental influences such as
temperature, moisture and contaminants. In addttothis,

in our proposal an enclosure becomes the way tbtcose

Concluding Remarks
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Figure 7: Maximum temperature in the passive conepts
and temperature difference between water and iafeair.

electronic components difficult to be cooled withcald
plate, like electrolytic capacitors and magneticponents.
A detailed analysis of the thermal behaviour o$ ttdoling
system specifically designed is given and the pralkt
significance of the problem is discussed. The affjcof the
cooling system is demonstrated; the trends ofieffiy and

temperature are evidenced. A strong dependencyhef tEER
thermal power dissipated by the SMPS on the etectrilTEC

operating conditions is clearly evident.

Based on these data it is possible to suggest s$iop of
development of this cooling system.

The utilization of a TEC can be a proper solutifrthie
ambient air temperature is high, because it is @blereate

an environment at a proper temperature. However,afo

complete exploitation of the TEC an accurate desigthe
system on the base of the parameters affecting
performance is required. Differently, the risk afliasipation
of power without a corresponding cooling effectséxi

Furthermore, as already suggested in [9], the nateair
circulation can be modified to obtain a more eéfiti flow
on the critical components. This can be obtaingt diffe-

Table 2 -
components of the SMPS for different powers.

Temperature Qo (kW)
(°C) 1.0 2.0
TC 1induct|32.0 | 38.1
TC 2 transf | 46.1 | 59.7
TC3cond. | 36.7| 42.9
TC 4 induct| 35.8| 41.5
TC 5 transf.|34.3 | 42.5
TC 6 transf.| 32.9| 43.6
TC 7 induct| 31.8| 38.0
Tcooling air 27.1 30.7
Tamb 27.7 | 27.2

3.0
46.4
78.8

50.§

48.71
53.7

58.(

46.7
34.4
26.7

S Electronic Packaging Technical

Temperature distribution on the passive

rent fans and/or with a different distribution af aver the
passive components. Due to the limited availabéesp, our
system of “fans and fins” is not particularly eféint. This
system can be redesigned for a better distributibrair

between the fins.
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Nomenclature

I electrical current A
Q thermal and electrical power W
T temperature °C
\% electrical voltage \%
Greek letters
€ Power conversion efficiency Eg. (1)
Subscripts
air airflow
amb ambient air
DL Dummy Load
SMPS Switch Mode Power Supply
TEC Thermoelectric Cooler
Abbreviations
Energy Efficiency Ratio Eqg. (2)

Thermoelectric Cooler
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