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We can't always do this... W=
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By Jasonbook99 - Own work, CC BY-SA 3.0,
https://commons.wikimedia.org/w/index.php?
curid=18586964
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Or even this... o=
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Fig.8. (a) Measurement of temperature distribu-
tion with thermo camera for the setup with opti-
mised copper heat sink '” shown in (b).

IEEJ Trans. IA, Vol.128, No.4, 2008

J. Biela, J.W. Kolar, "Cooling Concepts for High Power Density Magnetic
Devices”, 2007 Power Conversion Conference — Nagoya, © IEEE ETH Zurich,
Power Electronics Systems Laboratory
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Points to ponder WE=-
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= Heat does not vanish. It goes somewhere and your goal is to direct it where you want it to go,
easily.

= Heat is energy. It flows, whenever there is a temperature difference, from higher
concentration to lower concentration, in other words, it is dissipates or is diluted.

= The almost universal criteria for power rating of electrical machinery is temperature rise. The
maximum safe load is that at which the steady temperature is at the highest safe operating
point.

= The size of a transformer is determined by its ability to dissipate the heat generated by the
losses within. To make them smaller either reduce the losses or remove the heat.
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Effects of Heat “WE=-
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Measured Thermal Endurance

18 AWG, Heavy Build Insulation

= Insulating materials suffer the most from the effects of heat.
105 130 155 180 200 220

= They dry out and become brittle, loosing mechanical ?2’222_' | | ]
strength more than dielectric strength |

= All wire insulation is temperature rated and limited .
— magnetic wire, litz, TIW, ... Copper
= |Increased winding conductor resistance increases losses el T I e SR AR AR M
= Increased core losses — varies with material S
— there is always a limit pjm =
. : e . (ewim?) B
= Reduction of saturation flux density in many materials il
. N {3000 10
— ferrite S 1
- " /11000 30
T 1000( 25
Source: Rea Magnet Wire Co
Source: Ferroxcube Handbook 2013 °5 e . 20
T (°0)
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Constraints WE=-
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=  Safety standards set limits to injury (operating temperature) therefore to temperature rise

= The smaller the transformer, the smaller the surface area to dissipate heat which means the
losses must go down just to maintain the same temperature rise

= Usually the smaller transformer’s efficiency does not improve meaning its losses do not go
down therefore with is less surface area to dissipate the heat = hotter

= Heat transfer to ambient — then it becomes someone else’s problem?

= The heat must be removed so the smaller transformer needs some method to remove the
heat and dissipate it somewhere else. This is okay IF nothing extra needs to be added but
most examples add external components like a heatsink and fan which may be larger than
the reduction in transformer size. Granted, on a megawatt transformer, making it smaller may
save on expensive laminations and copper replaced by cooling fans, fins and coolant. They
also generally have a lot of space and need variable capacity.
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What we trying to accomplish WE=-
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So the real problem comes down to
— reducing the heat source - losses
— better conduction throughout the device
— better convention and conduction to ambient

= Size matters.
= Equalize the temperature so there are no hot spots
= Fit a form factor, or reduce weight, or reduce cost

= Often the solutions to removing the heat pushes the problem somewhere else
= There is N0 magic
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Heat transfer vs. Thermodynamics -W&=-
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= Heat transfer is the science that seeks to predict the energy transfer that may take place
between material bodies as a result of temperature difference

= Thermodynamics teaches that this energy transfer is defined as heat
= Heat transfer tries to predict the rate
= Thermodynamics deals with systems in equilibrium

T A
Temperature
_ _kA AT profile
= Where qx X /
= Q= heat transfer rate
=  k =thermal conductivity Qx ———
= A=area
= AT = temperature difference Fourier’s law of
* x=thickness heat conduction >
= negative sin is for direction, hot to cold X
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How heat gets out WE=-
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= Conduction

= Mostly a transfer mechanism

= We use a lot of materials with poor thermal conductivity

= Thermal conductivity goes down as the temperature increases — most charts are at 25 °C
= Most of the internal heat transfer is by conduction — the components touching each other
= Mounting plates can remove heat from one surface
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Materials WE—-
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Thermal Conductivity

Material Conductivity k,[W/m*°C]
400
Aluminum 206
Ferrites (MnZn, NiZn) 3.8
Iron (pure), Fe 67 350 Copper
Copper (pure), Cu 379
Tin 59 w 300
Lead, Pb 33 E
sil 440 s
ilver g~ 250
Zinc (pure), Zn 109 = i
Glass 0.78 Z Aluminum
' £ 200
Epoxy resin (unfilled) 0.25 _E
Epoxy resin (filled) 1.1 g
Polyethylene 0.33 = 150
Polyimide film 0.40 E
Kraft paper 0.11 F 100
Wood 0.11-0.15
Water 0.60 50 Carbon Steel
A|r, at T=70 C 0.030 18-8 Sta'lnless
Alumina (Al,O,) (99.5%) 25
Organic varnish 0.52 0 0 100 500 300 400
Polytetrafluoroethylene PTFE 0.25 Temperature (°C)
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How heat gets out WE=-
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= Convention

= Removal of heat by the passage of a fluid over a surface

= Involves conduction through a thin boundary layer to a fluid adjacent to the heated surface
= Newton’s law of cooling simplifies

Where q — hCA(TW o CL)

g = heat transfer rate, W

H. = convection heat transfer coefficient of material, W/m?*°C
A = surface area of heated body, m?

T, = temperature of the surface wall, °C

T, = ambient temperature, °C

= In normal atmospheric conditions (air) the boundary layer is about 2-3 mm thick
= Therefore there needs to be enough clearance between things for air to flow —> 10-12 mm
= Air is extremely poor conductor of heat
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How heat gets out WE=-
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= Convention

=  Amount of heat carried away by natural convention is a non linear function of size, shape, surface
material, condition and orientation of the hot body, its temperature and that of the surrounding air, and
the character of the surroundings as they may affect the free flow air currents

= Smaller bodies dissipate more per square inch because they have a smaller effect on surrounding air
= Surface area, varying as a square of linear dimensions increases more slowly with size than do losses
= Heat carried away by forced convention varies almost linearly with velocity up to 5000 ft/minute

= 0.5 W per sq inch for 40 °C rise (general rule)

= For vertical plates, h, is a function of height

= Where AT 0.25
= AT = temperature rise, T,-T,, °C hC = 1.472 [F]

= H = height of component, m
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How heat gets out WE=-
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= Radiation

= Heat energy in the form of infra-red electromagnetic waves
=  Stefan-Boltzmann law of emission (thermal radiation)

= Does not depend on ambient air conditions

= Except for space applications we don’t usually consider this

— 4
=  Where q o EO-AT
= g =is the heat transfer rate by radiation, W
= € = the emissivity of the surface
= ¢ = Stefan-Boltzmann constant, 5.67x10-8 W/m2*K#
= T = absolute temperature, K
= A =radiating area, m?
= emissivity of painted surfaces, all colors about 0.9, bright metal surfaces about 0.1
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In practice

= Within the transformer core and winding heat transfer
IS primarily by conduction
= Qutside from the surface by convention

* Ry and h, are determined by empirical methods

= h. is highly dependent on transformers position relative
to other components

where
= AT = temperature difference [°C]

Ry = thermal resistance [°C/W]
= Q= power loss [W]

h. = coefficient of heat transfer [W/m2°C]
= A, =surface area [m?]

V. = core volume [m?3]
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h, = 10 W /m?2°C
h, = 10 — 30 W /m?2°C

14
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In practice “WE=-
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= Magnetic components are never infinite or thin plates like the shapes in classical heat
transfer texts

= They are complex and have irregular shapes

= For small inductors/transformers many discussions reduce the shape to either the

equivalent sphere or cylinder that would hold the part for calculation and use that surface
area

= Mounting component directly on a pcb (touching) lowers temperature by 6-8% *
= Mounting vertically or horizontally makes little difference *

* A. Van den Bossche, V. Valchev, Inductors and Transformers for Power Electronics, CRC Press, 2005
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Calculations WE=-

WURTH ELEKTRONIK

= Level0
| Simple formula based on major dimensions

Pioss =p-a-h, (W]
= Where

= p = the coefficient of specific dissipation — ferrite 2000-2500
= a = largest horizontal dimension, [m]
= h = height of core, [m]

A. Van den Bossche, V. Valchev, Inductors and Transformers for Power Electronics, CRC Press, 2005
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Calculations WE=-
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= Level1
= Simple formula based on Rth -
th
m=RM ——
T e=PM ||
AT 102\\!‘=-.‘; - :zgég:
: s SERSs = +=ER
Pioss = ) W] | S R i
Rg TR o
2( [ ]
10" EEEEY R s P L
E T T = T . A*&X L3 .
=  Where T N
= P, = total power loss including the core and copper, [W] - CTTHH
. . 2 3 4 5 3 6
= AT = the temperature rise above ambient, [°C] 1 0 0 M
= Ry = total thermal resistance of component Figure 24
Thermal resistance versus core effective volume
TDK Epcos Ferrite and Accessories Databook 2013
Van den Bossche, V. Valchev, Inductors and Transformers for Power Electronics, CRC Press, 2005
17
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Calculations WE=-
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= Level 2
= Complex formulae based on thermal circuit in detall
= Combines all modes Wsec
= FEM works here
Ts
Rsec Radiation

— 1 o
—_

E Compound | Convention

) T,

| -

o

(@)

Conduction
Rfe(core)
A. Van den Bossche, V. Valchev, Inductors and Transformers for Power Electronics, CRC Press, 2005
B. N.R. Grossner, Transformers for Electronic Circuits, 2 ed, McGraw Hill, 1983
18
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Getting the heat out W=
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= Heat sinks

= Best thermal conductors are also good electrical conductors which
may result in eddy current problems

= Bolt on, glue on heatsinks
= Mounting to a plate gives about 6% reduction
= Mounting to pcb with copper area

I /i

/7,

i

."hn-_

B=
e
/B

= Heat pipes

= Considerably more effective than conductive material — 20 times

= Sealed tube containing a liquid surrounded by a wick and enclosed
= Can transfer heat from awkward place to convenient place

= Passive, fast and reliable

By Hustvedt - Own work, CC BY-SA 3.0,
https://commons.wikimedia.org/w/index.php?curid=12711143
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Getting the heat out W=
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= Foil windings
= Still have to conduct heat away
= Use of thin aluminum oxide insulation coatings

= PCB windings
= Thin, flat, wide but fiberglass is not a good conductor
= Horizontal planar windings do not dissipate heat as readily as vertical windings

= Shape/geometry of coil

= Long narrow shapes are good but need to be mounted vertically
= Thin shallow coil to reduce insulation thickness

= Use of more than one coil to increase surface area
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Getting the heat out WE—
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= Impregnation TABLENI  COMPARISON OF CALCULATED AND MEASURED
. . . . . . . . TEMPERATURE RISES AT REDUCED POWER OF 31 5KEW
= Absence of trapped air in the interstices of the windings and insulation =
. . . ) ) ‘alculated Measured
= Achieved by high vacuum impregnation, vacuum molding Transformer core 7°C 215°C
= Use of heat conductive fillers like alumina or silica in epoxies Transformer winding | 35 °C s4°C
Input inductor winding 28°C 36 °C
. FinS Output inductor winding | 28°C 25°C

= |ncreasing the surface area for convention

E Us?ally used on the outside of a transformer that is encapsulated or
oil filled

= Forced convention

E ]'cl'he elephant in the room is that it takes space and power to have a
an

= Even if fan is needed for other components, it must be sized for the
total heat removal capacity needed by the system — it’s not free

= Often the only solution
= Reduces reliability — potential fan failure M. Paviovsky, S.W.H.de Haan, J.A. Ferreira, “Design  Figure 14. First converter prototype

for Better Thermal management in High Power High
Frequency Transformers", IAS 2005, © IEEE 2005

21
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Getting the heat out W=
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= Liquid filled

= Common in large transformers use oil along with radiators, reserve tanks, pumps and fans

= Many levels of complexity . | Y
t“HlHlJ(fllHhﬂ}wimfliill\l{i]}'l M i

= Vaporization I Air uet.
. . . . . . . 0.062" \\\\\\\\ \\\ \\\\\\\\\\ \\‘\\\\
= More effective than liquid — heat pipes use this principle 0.002"
.094n
. 094"
. #2 Square
= Cooling tubes 0. 2657
= Wind in water cooled copper tubes between turns to #2 Square
directly capture and transfer heat out 0. 015"
0.002"
0.015"
0.015"
= Spacers 0.002" zz=z= e b
. 0.062" ey
= Used in large transformers but must be larger than the N S NS
film thickness to be effective L ate Dugt

NS

D. Walz, Temperature Distribution in the Windings of
the 3.4 MW Power Supply, 1968
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Hot spots “WE=-
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=  When we measure we get the average
= How to determine the hot spot —> always an assumption
= Flux fringing from gaps is a known trouble spot in inductors

= In small transformers thermocouples don’t help because first you have to know where to place them
and second they do disrupt the build — lay of the windings and hence heat distribution

= Because copper is such a good conductor of heat, the heat can be well distributed within the winding
= The cores are also ‘relatively’ thermal conductive and the heat is distributed
= Standards dictate a least 10 °C hotter for hot spot over average
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Adiabatic loading WE=-
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= This is a real condition in overloading

= Large short circuit currents produce such rapid heating that heat dissipation is of very little importance.
= The concentration of current can open the winding

= Useful for determining safe operation while waiting for protective devices to operate

Basic equation 2
= | = current flowing in wire [ Rt —_ Hce
= R =resistance of wire
= t=time during which current flows

= H, =thermal capacity of wire
= O =temperature rise of wire 2

1
Applied to copper at 75C C—M t=4.19 x 10_5 7

. | = current, A
. CM = wire cross section, circular mils
= t=time during which current flows, seconds This constant is the thermal capacity of a copper wire one circular mil in

= @ =temperature rise of wire, °C cross section by one foot long divided by resistance per foot at 75 °C.

W. Flanagan, Handbook of Transformer Design & Applications, 2" ed, McGraw-Hill, 1993
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Comparing shapes W=
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Core ER4220 PQ4040 RM14 Units
Ae (Amin) 170 (170) 189 (174) 200 (170) mm3
A, (W x H) 240 (31.2x7.7) 326 (29.5x11) 145 (20.8x7) mm?2 (mm)
Ve 16,800 14,120 14,000 mm?3

AR
EREEEEEEE

Crrrrrr
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Comparing shapes W=

WﬁRTH ELEKTRONIK
Core ER4220 PQ4040 RM14 Units ﬁ
A 170 189 200 mm2 /

. .
A, 240 326 145 mm? |
N
AP 4.08 6.16 2.90 cm?

Kg 0.3151 0.4823 0.2574 cmbd
\Volume 57.3 59.2 36.8 cm?3
Height 43.6 39.8 302  mm

Exposed Coll 61.0 48.9 44.0 mm
Perimeter 124.3 144.7 121.4 mm

A, 5419 5759 3,666 mm2
Ry, 14 16 18 °K/W
Pane 1725 1171 1046  ?

Source data: TDK Epcos Databook 2017
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Summary

= The heat generated from losses must go somewhere

= The size and shape of the magnetic determines the options available

= When you get the heat out, it usually becomes someone else’s problem
= The best is to reduce the losses in the first place but that has it limits

= Choices then are determined by the end system use, space and budget
= They are many useful tools available

= Like most challenging engineering problems, requires the innovative arrangement of all the

individual components to make maximum use of each
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Thank you!

George Slama, george.slama@we-online.com
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