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Abstrac€ Power electronic converters are widely used and readings.
play a pivotal role in electronicsarea. The temperature causes
around 54 % Of a” pOWer converters failures. Thermal |0adS “ TEMPERATUREM EASUREMENTS OFFULL BR'DGE BOOST
are nowadays one of the bottlenecks in the power system design |SOLATED POWER CONVERTER
and the coolirg efficiency of a system is primarily determined
by numerical modelling techniques. Therefore, thermal design For investigatiorpurposesthe Fultbridge boost isolated
through thermal modelling and simulation is becoming an power converter was used which is shownFig. 1. The
integral part of the design process as less expensive comparedconvertermainly consists of the transformer, four transistors

to the experimental cutand-try approach. Here the (10290) four diodes (T€20), inductor, three output
investigation is performed usingfinite element methodbased . . .
capacitors and two input capacitors.

modelling, and also the potential of such analysis was
demonstrated by reatworld measurementsand comparison of High votage PCB

obtained results Thermal modelling was accomplished using Throe outpur  Wihfour dodes Transformer
finite element anaysis software COMSOL and thermeimaging copeere

camera was used to measure the thermal field distribution.
Also, the improved configuration of power converter was
proposed.

Low voltage PCB

Heat sink

Index Term€£ Power electronic converters, temperature
measurement thermal modelling, finite element method.

I. INTRODUCTION

This paper discusses about thermal design of boost
isolated DGDC converter. The thermal design was
accomplishedin order to evaluate the accuracy tife
simplified power converter model compared to teragure Heat sink et et
measurementeadings. To model the thermal distribution Oﬁzig. 1. Investigated Fulbridge boost isolated converter
power converterit is very important to have reasonable
power converter model. Then, suctodellingprinciples of In order to find thehottest spot in the&eomponents of
power converter can be used for any type of power convertanverter for temperature measurementsthe TROTEC
thermal invatigation and design. Therefore, the temperatul€080LYV infrared camera was uséthe radiation emissivity
measurements of power converter were done which definéthe black anodized heat sink is in the range from 0.82 to
the operating condition of power converter and helps ®86 and themissivity was set equal to 0.8% IR camera
createa substantiatethermal model. Also, the power losseq2]. The images obtainedy thermecamera are shown in
were estimated in order to have wadtresults for thermal Fig. 2. The scale of temperature is different and fludtgat
modelling[1]. Then, thispaperdiscusseshe creation ofthe  due to emissivity and othéactors.
simplified component models which can be usegerform However the main aspect is not to measure the
a thermal design of thevhole poweras a system of temperature as a physical quantity, but to fied spots that
interacting component&inally, the power converter thermal affect the thermal load of entire system. The heat sinks seem
design results are compared with actual temperaturecolder in the images only due to emissivity, because they

have the lowest emissivity comparing with transformer,

Manuscript receive®ecembetl6, 2013; accepted Aprill9, 2014. inductor or PCB.
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converter is turned off and the readings immediately were
registeredin order to avoiderrors caused by conver
generatedinterference For this reason @imple test was
made to check hoviast the temperaturdecreasedy 1 €C
degreeon each measured component. WhikCldegree was
lower than initial temperature, the time was approximately in
the range Second-7 seconds for all thermocouplé&hen,
the measuremestwere accomplished amepeated 10 times
for taking average measuremergadings from multimeters.
So, the maximum erraccording tadaken readings could be
1€C degree. It can be assumed that there can be
neglected, becausdey donet influence the measurement
Fi 2. The tharmalvi ¢ whol - significantly.
5, o e e f w0 Conienta nduclrepereureThe measurements were alsepeatedo fimes under
transformettemperature distributiofd). each different output power in order sxcount forthe
random experimental errors and tibtain the average

As it can be seen the hottest spot is in the inside of tt@nperaturevmue The measurementwere madeunder
inductor. Transformer has also hottest spots insideore variable output load, input voltage and at 7@0output
and aroundts windings. The transistor and the points whickoltage with 750 ohm resistive load and\BGnput voltage.
are veryclose to itreach highest temperature valu€ther Table| presentsseveralof temperature measuremerases
components of the converter are neglected, because tlgy other important readings
have a very low temperature andherefore are not
investigated. TABLE I. MEASUREDTEMPERATURESUNDER EACH CASEOF

The thermocouples are choséor use in temperature INPUT AND OUTPUTPOWER.
measurementshe thermocoupléype is Ktype (Chromel +,
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Almost in all caes the temperatur@ariation was
relatively small; when a smaller output resistance value
(380,) was used in order to get output 790 Vthe
temperature can be much higlisee Bble ).

After temperaturaneasurement®ne particularcasewas
chosenwhich was used for power loss estimation and
Fig. 3. Full-bridge isolated boost converter with attached thermocouplensqueIIIng Ir_] C_OMSOL Mult|p_h3_/3|cs.The measurement
(vellow wires) paraneters in this asewere:resistive load 750 ohm, output

voltage f 789.1V, input voltagef 50 V. Theseoperating

The thermocouple on the transistob/taase was attached parameters areommon for thigype ofconverter.
by soldering. On the heat sinkksmall hole was drilled anal
thermocouple was glued inside the hole. The thermocouplél. THERMAL MODELLING OF SEPARATE COMPONENTS OF
usedon inductor was attached between inside windings with POWER CONVERTERIN COMSOL MULTIPHYSICS
slightly covered thermal grease. In casettwf transforner, In order b proceed with thehermalmodelling of power
theattachment principlevas the same der theinductor. convertey the individual components of power converter

Afterwards the measurements werperformed when should be createid order toensurethe modular structure of
converter reached the steasbate conditions (constant the entire modelThefollowing most critical components are
temperature reading), btite valuesin this case contained an used: the transformerinductor and two shinyaluminium
interference componendue to electricathagnetic noises heat sinks with attached transistors. Each he#tsis two
which significantly influencecorrect temperature readings.attached transistor&ach componenbdf the converter is
Therefore the temperature measurements were made whesdelled by a simplified geometry, in order to obtain a
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number of @grea of freedom of the entire model as low a the total heat transfer (= 0.1). The average ambient

possible. temperature for all simulations casegluding transformer
Primarily, in order to find a simplified model of eachandinductor was selectecéqual to 20 €Cthis value was

power converter component, ttemperaturalifferencewas chosen fromthe ambient temperature measurements. The

comparedetween accurate and simplified models. convective coefficient is applied equal to 7.23 \A#n For
comparison of simplified and detailed model, the
Holes temperature was measured on the transistor chip.
Also, the chip sizeof transistorwas investigatedThe
Aluminum purpcse of this investigation was t@nalysehow the chip

lloy 6063 . . ..
o temperature varies dependent on chip sidh the same

boundary conditions as in previous modelling After
investigation, t was noticed that the size of transistor chip
can influencehe maximumvalue by approximately.45 €C
degree between sma(B ...3 mm) and larger (5...7 mm)
chip. Small chip had higher temperature tttanlargeone.
Copper The power loss impact of transistpins for temperature
Fig. 4. Model of two transistors attach¢d theheat sinkwith designated iNncrease wagvaluated, becaugke pins are subjected to a
materialg(accurate model) flow of strong electrical curreniThe electrical current was

measured using oscilloscope ahd power per eaghin was

. Firs_tly, the two transistors attached to th? he_gt sink We'éestimatec[G] to beequal to 0.067 W anduringmodellingit
investigatedn order to comparaccurateand simplifiedheat asapplied onlyto drain and sourceins After modelling

sink models and determine how much the simplified mod%’me chip tempeature washigher 2.3 €C than when heat
Imr;(afts tgesghfgr?ahoﬂ?ﬁsf_rt:'é;lslr:fl(_)gimghe heat power wasnt applied for transistorpins Also, comparing
sink type rom ompany  5ccurate and simplified heat sintodels the transistor chip

[3] was used Thg accuratemodell of hgat .Smk with tWO. temperaturevas lowerby approximately2 €Cfor accurate
transistorscreatedin Comsol Multiphysics is presented N odel

F"‘E’IL: imolified heat sink model desianedwithout After the heat sinknodelling the same was accomplished
th N IS|_mtp |f|e eat S.ml %”e t\)/vas Zs_lg?edm OUt for the inductor component. hE spatial modelof the
ermal interface material (TMI), becaugeintroduces an inductoris shown infig. 5 [7].

error of approximatelyl €C at ®31W power lossegvalue
obtained from modelling resulty; therefore wechose to Kaptor Soemaorl
neglectthe absence of TMIThe thermal conductivities of \ powder
all materials designatedusing Comsol Multiphysics are [ /_/
listedin Tablell [4], [5]. /

TABLE ll. THERMAL CONDUCTIVITY AND EMISSIVITY OFEACH (
MATERIAL. Fig. 5. Spatial geometry of inductor with designated materials

Silica glass

Material Thermal conductivity Emissivity
[W/m*K] The inductor wasnodelledwhen Kapton tape covetke
Siica giass Heat sink i”gstrans'smrs 553 component,as inreatworld case. The used materials and
Aluminum alloy ' 01 their properties aréstedin Tablell. The winding bloclof
6063 (shiny) 200 the same geometry as in real case with the same volume,
Copper 400 02 wrappedaround the magnetic cqreas been evaluate@he
SI':";?‘” 25?? o8 wrapped block is treated as uniform power sace [8].
Inductor ' Thermal conductivities and emissivities agven in
Core material Tablell.
(Carbonyl E Iron 50.16 -
powder) TABLE lll. ESTIMATED POWERLOSSESOFEACH COMPONENT.
Copper 400 0.2 Transistor Inductor Transformer
Kapton tape 0.12 0.08
Transformer Pa[ame value Pa[ame Value Patrame value
Core material 3F3 er er er
35 0.78
(MnZn) Peond | 1.334W | Peore | 0.478W Peore 4.611W
Copper 400 0.2 P 3.697 W 6.464W |  Ppni 1114 W
FR4 03 0.2 > : Poc ' o :
Steel AISI 4340 54 0.04 Prot 5.031W Pac 0.635 W Psec 0.878 W

The he& transfer in solid physics and steady state The convective coefficient is applied equal to
condition is used fomodelling both for transformer and 8.1W/m*K, however, heat convectiomf magnetic devices
inductor modelling In description of physics and boundarycan vary in the range-80 W/m*K [9]. The estimated
condition in COMSOL simulation, the convective power losses are applidor core and windingsT@blelll).
coefficient and emissivitywere applied howeve the The transformer wasnodelled and thefinal model is
emissivity can be neglected due ifsignificantimpacton  shown inFig. 6. The transformetype E64/10/50was used

40



ELEKTRONIKA IR ELEKTROTECHNIKA, ISSN13921215 VOL. 20, NO. 7, 2014

[10Q]. screws Next subchapter discussée thermal desigrof the
The transformer winding block length is 98.5 mm, wifith entire power converteandhow previously designed models

53.80 mm, heightf 10.2 mm. PCB (FR4) thickness of separate componenwre introducedinto the overall

1.6mm, lengthf 100 mm, widthf 60.7 mm. The PCB is converter thermal design.

used on both core sideBhe properties of selected materials

are presented in the Tablg11]. IV. THERMAL MODELLING OF POWER CONVERTER

The convective coefficient is applied equal 10 The whole power convertglacedon the heat sink which
6.52W/m2*K. The estimated power losses are applied foacts as cooling pad/boamias modelled All constituting
core and winding block from Table I[12]. componentswere placed @ the heat sink in order to
decreaseheir temperaturewhich was higher compared to
previousmodellingof separate componentghen, the whole
converter was modelled and results were compared with
actual experiment temperature readings whiethiso will be
summarizedelow

During themodelling procedure all previousmodelled
componentsare imported into Comsol Multiphysics. The
Winding transistors with heat sinks are placed on the F@®E PCB
block is attached to the main heat sink using fearews (see

Fig. 7). Trarsformer was also attachedtte heat sink using
_ four screws For inductor attachment the Kapton tape was
3F3 (MnZn) material . . .
of core used under it on the heat sink. The Kapton tape wasinsed
Fig. 6. Spatial model of transformevith designated materials modellingto reflect the reapracticalcase when additional
. . . . . shielding is required, degspi the fact thatthe inductor

The dimensions ofvindings and insulators arelatively temperaturenithout tapecan bedecreased dramatitly by

small what leads to a denser finite element mesh anghe heat sink Therefore, the Kapton tapewith dimensions

subsequentlymodellingcan tale very long time-Therefore o ogm .. 0.08m was also used to cover the indudiotthis
it is necessaryo make somemodel simplifications One ca5e

method can be used when thermal conductivity of the
winding block is estimated as equivaldi], [14]. Each
conductor is defined as a heat source inserted within the
block. The internal heat transfer mechanism of the planar
transformer is dominated by conduction; thus the equivalent
thermal conductivity of a uniform block can be calculated by
integratirg the conductors and insulatoFsrsty, thicknesss

of conductor andhsulatorshould be knownThe equivalent
thermal conductivity (&) is estimated by equation

6_th6'th Ehts m_‘j's

Steel AIS| 4340
(for screws)

FR4

h
ﬁéﬂ &LS l@é _
ke kDp ke Kps Fig. 7. Spatal geometry of power conveer.

wherehcy, f thickness of conductor (primary side.2 mm),
hes f thickness of secondary side conduc{@® tm), hpp f
thickness of isulator (FR4 f 0.2 mm),hps f Kapton tape
thickness (0.1 mmkc f thermal conductivity of conductor
(400 W/m*K), kop f thermal conductivity of Kapton tape
(0.12 W/m*K), kop f FR4 thermal conductivity
(0.3W/m*K). The equivalent thermal conductivity was
obtainedequal to 0.38V/m*K.

In modelling a largechip and0.067 W heat powerper
eachtransistorpins wasused in order tanake modelling
results as close as possible to measurement reBeltpite .
the potentiakrror of temperaturgalues.the simplifed heat L o
sink was chosenfor use in modelling due to advantages T
given by geometry simplification.Mentioned temperature
errors could be evaluatedby separate approximatigns
because sophisticated geometry influences riwalelling When describing the boundary conditions, the ambient
duration and can introduceadditional mesh generation temperature was applied equal to 20 €C degrees. All
issues Also, the modelled transformerhad quite a high components were defined withthe same convection
temperature becausethere was noheat sinking through boundary condition values as previously, because all pins

41
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attached to the main heat sink had very small surface fdesignedo keep temperature below 100 €G,the8.17€C
convection. However, heat sink and PCB are used witlegrees error in this case B significant value for
6.24W/m>*K and 5.31W/m?*K, respectively. Also, the tempeature estimationtherefore this issue should be solved
inductor and two heat sinks touch thaimheat sink via very in further works byimproving meshrefinement omodelling
small area, because one of them has circular form and othegthodology

has small flat area which covers PCB. The black anodized

aluminium (, = 0.85) was used for the main heat sink. V. IMPROVING THERMAL DESIGN ANDINTEGRATION OF
Furthermore, the emissivity for all three components is very POWER CONVERTER

low compared with the main heat sink emissivity, therefore Thjs chapter discusses how to improve thermal design and
the emissivity of the main heat sink plays a decisive role ifbo"ng of boost isolated power converter anduggest the
heat transfer. layout of components with higher integratioaompared to
The modelling results can be seen in Fif. Actual the model shown iffig. 1. The simulatedtemperaturesvere
measured temperatures were compared with simulatggmpared,vith results forpreviouspower converter
temperatures at éh same points of the converter. The Tpjstype ofpower converter has input filter consisting of
comparison is shown in Fig. 9. The inside temperature gf, capacitors and its heat is neglected, because in
transformer, top winding of transformer, bottom side layer %fxperimentsthefilter was cold (see Figl andFig. 10). The

transformer, inside inductor, heat sink 1, case of transist%r. . . . :
: ' ' ' imensions of two capacitors amiameer 35 mm, height
heat sink 2 are denoted as ITT, TWISIE', Il, HSL, CT, 30.5mm, another on¢ 41 mm ...20 mm ...37 mm. Also,

HS2, respectively. ) . ; .
P y output filter consist of three santgpe capacitors which are

80 modeledtogether as a block (see Fitp). The dimensions
of capacitoblock are 30.5mm x 20.5mm x 30.5mm. The
BT g T N heat powenlso is neglectetbr this componenasfor input

filter due to low temperature§he high voltage PCB (see
Fig. 1) was used with four diodgslaced under the low
e Emzzz‘;d voltage PCB in order to reach higher integration. Each of the
diodes contributes the heat pemvaround MW [1]. The high
-1 M- - voltage PCB dimensions are 0.1®5< 0.088m x 0.0016m.
The heat sink was usaxf the same type as previous
-1 M- case with different lengthtof 0.2m. The heat sink is covered
with mica (0.17m x 0.18 m x 0.00In) in order toensire
T oTwr | ssit 1 w1 o s electrical insulation; for example, inductor, transformer and
Fig. 9. Comparison ofimulatedand measured temperatutesth mesh of  four diodes which are attachedttee heat sink. The mica is
1535771 elemenys usedin a form of darge sheet in order to simplify tiesign
) in Comsol Multiphysics. Also, the output and input fister
The simulated temperaturegere very closeto actual are phced onmica, although in practicé is not use in all
measured results. The maximum error of temperatuggsesThe output and input filters wepacedin touch with
simulationwas 8.17 €C (with mesh of 1535771 elements)inductor (the wires were covered by lacquen) order to
and is quitea reasonable value, because such difference increasethe thermalconductivity through them to the main
temperaturegan still be used forpredicion of the overall heat sink. Furthermer filters can improveooling by heat
convertertemperature trenddJsually, power convertelis convection9].

Temperature, €C
[o2}
(3]
T

50 +

Fig. 10. Spatial geometrical model of proposashverterintegrationmode.
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Fig. 11. The thermadistribution in power convertétemperature is in €C scale)

The transformer walgid on the nia, in order to increase Direct Bonded Aluminum (DBA) substrate which has
thethermal conductioto the heat sinkThe vertical position thermal conductivity equal to 170 W/m*K and 28 W/m*K
was considered, butiscardedas not reliable in this case duerespectively.This is used in order to decrease temperatures
to contacts and stress for connecting wires, especially, of transistors together with heat sink¥he tansistor
case of orboard applications. Thus, the lwtt PCB plate temperatures are compared-ig. 13.
of transformer was removed and the transformer loan
fixed with PCB strip on the top by using two screws. The
strip was chosen tde placeddiagonally in order to gea 751
stronger fixation Moreover,a tightly attachedstrip could 70 |
increase coractionbased cooling. The two mentioned
screws are neglected imodelling due to theirrelatively
poor cooling impact onthe heat sink(see Fig. 8, also
verified by practical measurementsilso, these screws
make the geometry more compléor modelling purposes
andthusnot so effective.

The structure which consistl of transistorsattached to 457
the heat sinkJow-voltage PCB and four screws as fixing 4 |

elemens remaired the same as in previousodelling (see Hs1 cr , HS2
Fig. 1 andFig. 7). Fig. 13. PCB versus DBA technology with AIN and28s.

[=2]
(&
L

OAIN DBA
- —|| mAI203 DBA
EFR-4 PCB

Temperature, €C
[} (2}
(5] o

The same boundary conditiorsse usedas previously
[15], however onlyfor introducedcapacitorghe convection
wasappliedequal to5 W/nm?*K . The temperaturmodelling
results are shown ifig. 11.

To summarize, the new layout decreased the temperature
of magnetic devices and integration was increased in power
converter. As discusseg@reviously the filter helps to
” o decrease the temgaure of inductorhowever one capacitor

The modellingresults are shown in Fig2, where they jnfuencesthatmostly, becausit has the largest contact area
are compared to the firsbodeling. Since, the lowoltage aﬁd directly touches wires. Output capacitor and input

PCB had the same properties and the_same heat smk,é Eular capacitor haa very small contact area and evié
temperatures of these components remained the same. - . . o
the thermal conductivity can be quite high, the cooling is

80 poor. In case of transformer, the cooling was improved very
strongly. Comparing the PCB, AIN, A3, it can be seen
that AIN material gives the best thermal cooling
improvement and thermal diution over substrate. Also,
comparing the thermal conductivities of different DBA
|| Grirstmodeling materials, the AlD; material doesnet have a very large
H Proposed modeling . . .

difference comparing with AIN, however thermal

] conductivities differ around 6 times.

7044 F-—------—- Iy

o2}
o
I
T
I

Temperature, €C
w
o
T
L

IS
S
f
.

w
o
I
T
I

VI. CONCLUSIONS

20

: The library of tlermal models of power converter
ITT TWT BSLT Il .
Fig. 12. Comparison of temperatures of previousdellingand proposed components_ was created, which can be used for any type
layout (with mesh ofl53577 lelementk converter with the same components.
Comparingthe measuredand simulatedtemperatures of
Next modelling was accomplished with AIN and A);  power converter components, it wasund that the
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temperatures iffer within 8.17 €, compared to
experimerdl temperature readingd.he thermalmodelling
could be made more accurate and the mesh refinement or
improvedmodelling methodologycould be usedn order to
reduce the temperature errdt is also quite difficult to
estimate the convection coefficient, but the thermal
modelling can help to vary this coefficient if geometry or
boundary conditions are defingdite accurately (4]

A newlayout was proposed fahe entire power converter 5]
designwhich provides annmproved coolingor most critical
components. The inductor temperature was decretmed [6]
leastf it was 1.41 times lessompared to previous model;
the inside temperature of transformer was 2.13 times less,
top winding of transformef 1.97 less, the side of bottom[8]
winding was 2.37 less. In case of AIN DBA substrate, the
temperature of transistor and heat sink was lowered wi
ratio 1.53 and 1.68, respectively. In case 0fQAIDBA
substrate, the temperature of transistor heat sink was lowered
with ratio 1.33 and 1.4gespectiely. Also, the areaf boost [10]
isolated power convertgrlaced on heat sinwas reduced
1.5 timescompared tothe previous version howeverthe
heightremainedhe same

(3]

[11]
[12]
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