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COOLING OF POWER SEMICONDUCTORS

BACKGROUND

[0001] The present inventions relate generally power semiconductors and cooling
thereof.

[0002] Power semiconductors can dissipate significant amounts of heat which
must be removed to keep the device at a reasonable operating temperature (i.e.,

125 °C). Traditionally, this is accomplished with bulky heat sinks or liquid cooling.
Some products have used Cothex two-phase thermosiphon based cooling to provide
greater power density than heat sinks without the auxiliary pumps required for liquid
cooling. Unfortunately, the geometry of power semiconductors (e.g., round shape for
IGCTs) is not the same as the base-plate of these two phase cooling systems so that
they must operate in a less effective hot-spot configuration. Heat spreaders are also
often used in power-electronic cooling. Some examples of heat spreaders are
thermal interface pads (e.g., graphite pads), copper or aluminum plates, copper
plates with embedded heat pipes, and vapor chambers (like a two dimensional heat
pipe). It is desirable to spread the heat across the entire area of the base-plate but

this is not easy to accomplish without adding cost and complexity.

SUMMARY

[0003] A new configuration is described for operating a solid-state circuit breaker
in repetitive operation. This is particularly critical when the circuit breaker has the
requirement of multiple reclosing actions after a fault. The state of the art involves
natural convection cooling of the surge arrester. As shown in Figure 1 (the top line in
the chart), natural convection cooling allows a surge arrester to steadily rise in
temperature in repetitive operation. It may take the surge arrester more than 30
minutes to cool down after use. As also shown in Figure 1 (the bottom line in the
chart), the described configuration allows repeated closing and openings with 3
second intervals without excessive oversizing of the surge arrester components. A
metallic heat spreader (e.g., copper, aluminum, or a two-phase device) in between
the power semiconductor and base-plate of the cooling element is also described.
The bus bar and heat spreader may be combined into the same element so that the

additional part count, cost, and complexity are minimized while at the same time
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enhancing the performance of the cooling system by decreasing the thermal

resistance.

BRIEF DESCRIPTION OF SEVERAL VIEWS OF THE DRAWINGS

[0004] The invention may be more fully understood by reading the following
description in conjunction with the drawings, in which:

[0005] Figure 1 is a chart showing active cooling and natural convection of a
MOV during repetitive operation;

[0006] Figure 2 is a front view of a double sided cooling configuration of a surge
arrester for a solid state circuit breaker;

[0007] Figure 3 is a front view of a single sided cooling configuration for the MOV,
[0008] Figure 4 is a schematic of a solid state circuit breaker,;

[0009] Figure 5 is a chart showing the performance of a heat spreader relative to
a PHP without a heat spreader;

[0010] Figures 6A-6B are views of one configuration of a solid state circuit
breaker;

[0011] Figures 6C-6D are views of another configuration of a solid state circuit
breaker;

[0012] Figures 7A-7B are temperature simulations with a heat spreader and
without a heat spreader;

[0013] Figure 8 is a perspective view of one side of an active cooling system; and
[0014] Figure 9 is a perspective view of the other side of the active cooling

system, showing a bus bar pressed thereagainst.

DETAILED DESCRIPTION

[0015] Benefits of the arrangement described herein include:

[0016] 1. Double sided cooling configuration for repetitive operation of a surge
arrester in a solid state circuit breaker.

[0017] 2. Enable repetitive operation and reclosing function for solid state circuit
breakers.

[0018] 3. Minimization of surge arrester requirements and volume.

[0019] 4. Increased power density.

[0020] In the proposed configuration, the MOV 10 (metal-oxide varistor) is placed
in the stack 18 which has the dual effect of cooling the MOV 10 and simplifying the
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bus-bar lay-out. An illustration of the proposed configuration is shown in Figure 2.
As shown, the MOV 10 is in the center of the circuit breaker 18, and active cooling
systems 12 (e.g., PHPs) are on each side of the MOV 10. A power semiconductor
14 (e.g., IGCT) is on the other side of each PHP 12. The IGCTs 14 are against the
PHPs 12 and the PHPs 12 are against the MOV 10 such that there are no active
components therebetween. Some pulsating heat pipe (PHP) 12 configurations are
“single sided” where the device is only designed to provide cooling from the face that
is in contact with the IGCT 14. However, active cooling is still provided from the
other face with a slightly increased thermal resistance. Insulators 16 are provided on
the outer ends of the stack 18. It is understood that other types of power
semiconductors may be used for the IGCT 14, including thyristors, A-IGCTs, RB-
IGCTs, GTOs or others. Other types of coolers may also be used for the PHP 12,
including two phase coolers, PHP, Cothex, hybrid Cothex, etc.

[0021] As shown in Figure 3, it is also possible to insert the MOV 10 in the stack
18 and only cool from one side. However, this reduces the cooling available for the
MOV 10 and adds some additional complexity for bus-bar layout for the MOV 10.
[0022] A schematic of a solid state circuit breaker 18 is shown in Figure 4.
[0023] The described configuration may be used in solid state circuit breakers
that are characterized by ultra-fast opening speed, high number of operations,
repetitive operation, reclosing function, and high power density.

[0024] The typical voltage range for the cooling arrangement is 50V to 2,000V
and 100A to 5,000A. However, the cooling arrangement could also be used for
higher voltages and current requirements.

[0025] The problems that the described cooling arrangement overcomes include:
[0026] 1. High temperature and poor cooling of the surge arrester during
repetitive operation of a solid state circuit breaker.

[0027] 2. Oversizing of the surge arrester due to multiple power impulses during
repetitive operation and reclosing action of the solid state circuit breaker.

[0028] Advantages of the described cooling arrangement include:

[0029] 1. Enabling repetitive operation and reclosing function for solid state
circuit breakers.

[0030] 2. Minimization of surge arrester requirements and volume.

[0031] 3. Increased power density.
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[0032] Thus, the cooling arrangement enables the development of solid state
circuit breakers that can perform repetitive operations and reclosing function with
higher power density, smaller size, and higher current capability and lower cost.
[0033] Figure 5 illustrates the performance of the described heat spreader
(bottom line) relative to an unaided PHP (top line). The illustrated data is for dry
contacts (no thermal paste) and R245fa as the working fluid. Note that the maximum
difference is approximately 10%.

[0034] In Figures 6A-6D, pulsating heat pipe (PHP) cooling elements 12 are
shown that may result in a 10% reduction in thermal resistance with a copper plate.

It may be possible to achieve further reductions with optimization of the plate
thickness and thermal interface. One configuration of a DC solid state circuit breaker
18 with PHPs 12 is shown in Figure 6A-6B, showing the bus bar 20 layout. A single
IGCT 14 of Figure 6A is shown in Figure 6B. Figures 6C-6D show an improved
heat-spreader bus bar 22 that may achieve a 10% reduction in thermal resistance
with a copper plate. In the embodiment of Figures 6C-6D, the bus bar 22 is
sandwiched between the pulsating heat pipe 12 and the IGCT 14 to conduct heat
from the IGCT 14 to the pulsating heat pipe 12 across the thickness of the bus bar
22. Preferably, the bus bar 22 is metallic and may be made of copper or aluminum.
The bus bar 22 is an integral component that forms a heat spreading plate between
the pulsating heat pipe 12 and the IGCT 14 and extends at least partly beyond the
outer circumference of the pulsating heat pipe 12 and the IGCT 14 to provide
exposed connectors 24.

[0035] Based on simulations (Figures 7A-7B), the copper plate homogenizes the
temperature distribution on the base plate but does not greatly reduce the junction
temperature. Figure 7A shows the case temperature of an IGCT with a 6.3mm
copper heat spreader mounted to a Cothex cooling element with a temperature
variation of 6K across the disk, and Figure 7B shows the case temperature of the
same device without the copper spreader showing a 9K variation. The result is a
similar device rating but with less imposed thermal stress and therefore better
reliability. In one case, a maximum temperature difference of 26 K was measured on
the surface of an IGCT device cooled with PHPs at 2 kA current (~2 kW heat losses).
The same PHP device was also tested with a copper heater having the same contact
area of the IGCT and a maximum temperature difference of 17 K was measured at

the same boundary conditions. Since a copper heater represents an “ideal” IGCT
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device with the best spreading possible to achieve (in the IGCT packaging there is
also molybdenum as material), these results showed that there is room for improving
the IGCT temperature distribution.

[0036] If the thermal conductivity of the base plate is further improved (e.g., with a
vapor chamber) then the junction temperature can be reduced by 6K for the same
thermal load while the temperature distribution is homogenized.

[0037] Advantages of the described arrangement include:

[0038] 1. The base-plate temperature is homogenized to reduce thermal stress
on the semiconductor and results in better reliability.

[0039] 2. Better utilization of the base plate of the cooling element due to better
heat spreading.

[0040] 3. A low cost solution (copper or aluminum plate).

[0041] 4. If an aluminum plate is used, it can be brazed during the cooler
manufacturing process (also a copper nickel-plated plate can be brazed).

[0042] 5. Additional electrical resistance is not added due to contacts.

[0043] 6. Inthe case of stacking several power semiconductor devices in series,
better utilization is possible of outer cooling elements of the stacks which receive
heat only from one side.

[0044] 7. The use of thermal paste or other thermal contact mediums is possible
at the added interface since this interface will not be conducting electricity.

[0045] 8. Higher electrical conductivity of bus bar/heat spreader will slightly
reduce local losses in either AC or DC operation.

[0046] The preferred arrangement may include a heat spreader (made for
instance by a nickel plated copper) for power semiconductor stacks which is also a
bus bar. The arrangement by virtue of its mechanical layout also may only conduct
electricity through one interface and heat through two, reducing electrical losses due
to additional contact resistance. The arrangement may also be produced from a
same (Aluminum) or higher (Copper) electrical conductivity material than the cold
plate element, minimizing AC/DC electrical losses in that element.

[0047] The described arrangement could be modified to improve performance by
using aluminum copper clad as material for the cooling unit baseplate, adding heat
pipes to the heat spreader/bus bar, incorporating a vapor chamber into the bus bar,
or manufacturing the heat spreader out of a layer of materials which have different

material properties, higher electrical conductivity or thermal conductivity.
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[0048] As shown in Figures 6C-6D, the bus bar 22 is sandwiched between an
active cooling system 12 and a power semiconductor 14. Since the bus bar 20 is
metallic, heat generated by the power semiconductor 14 is conducted 30 away from
the power semiconductor 14 to the active cooling system 12 through the thickness of
the bus bar 22. A portion of the bus bar 22 also extends beyond an outer edge of
the active cooling system 12 and the power semiconductor 14 to provide an exposed
electrical connector 24. The bus bar 22 may be a copper plate 22 between the
active cooling system 12 and the power semiconductor 14. As shown in Figure 6C,
the exposed electrical connector 24 may be a hole 24 through the bus bar 22.

[0049] As shown in Figure 6D, separate bus bars 22 are preferably pressed
against each side of the power semiconductor 14 (i.e., opposite sides). An electrical
conductor 26 may also be connected to the electrical connector 24 of each bus bar
22. In use, different voltage potentials are applied to each of the electrical
conductors 26 (e.g., a positive potential and ground). As a result, current 28 flows
from one conductor 26, through the attached bus bar 22, through the corresponding
side of the power semiconductor 14, the power semiconductor 14, out the other side
of the power semiconductor 14, through the other bus bar 22, and to the other
electrical conductor 26. As understood, current flow 28 through the power
semiconductor 14 is controlled by a gate driver 32 which may extend outward from
the power semiconductor 14. Thus, the gate driver 32 turns the power
semiconductor 14 on and off to allow current flow 28 therethrough and to block
current flow 28. Unlike other arrangements where the electrical connector 24 may
be attached to the active cooling system 12 (e.g., Figure 6B), the current 28 does not
flow through the active cooling system 12. Even so, it is likely that the voltage
potential applied by the conductors 26 will also be incidentally applied to the active
cooling systems 12 where the contact between the bus bar 22 and the active cooling
system 12 is not insulated due to the desire to transfer heat through the bus bar 22
to the active cooling system 12.

[0050] As shown in Figures 2 and 6A, the circuit breaker 18 may have a surge
arrester 10 in the center between two power semiconductors 14 (see for reference
Figure 4). In this arrangement, an active cooling system 12 may be located between
each of the power semiconductors 14 and opposite sides of the surge arrester 10.
Each of the power semiconductors 14 may have an active cooling system 12 on

opposite sides thereof with a bus bar 22 between each active cooling system 12 and
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each side of the power semiconductors 14 as described above. The circuit breaker
18 may also include clamps 34 and clamping members 36 at opposite ends of the
circuit breaker 18 to press the surge arrester 10, active cooling systems 12, power
semiconductors 14 and insulators 16 together in a stack.

[00561] As shown in Figure 6C, each of the active cooling systems 12 may have
an evaporator section 38 and a condenser section 40. The evaporator section 38 is
pressed against the bus bar 22 to receive heat therefrom. The condenser section 40
extends beyond the outer edge of the bus bar 22 and power semiconductor 14 to
dissipate the heat. Preferably, a fan 42 may be provided to blow air 44 through the
condenser section 40 to transfer heat into the air 44.

[0062] As shown in Figures 6C and 8-9, the active cooling system 12 may include
a plurality of pipes 46 that are filled with a working fluid. The pipes 46 extend
through the evaporator section 38 and the condenser section 40. As shown in
Figure 8, metallic heat sinks 48 may be provided between the pipes 46 to convey
heat into the evaporator section 38. Fins 50 may also be provided between the
pipes 46 in the condenser section 40 to convey heat to the air 44 passing between
the pipes 46. Preferably, the metallic heat sinks 48 in the evaporator section 38 are
made of aluminum. As shown in Figure 9, the bus bar 22 may be pressed against
the metallic heat sinks 48 to transfer heat from the bus bar 22 to the evaporator
section 38. Although a dry fit or thermal paste may be used between the bus bar 22
and the evaporator section 38, it may be preferable for the bus bar 22 to be brazed
to the metallic heatsinks 48. For example, a metallic brazing material may be
deposited onto the metallic heat sinks 48 and/or the bus bar 22 and the bus bar 22
may be pressed against the metallic heat sinks 48 with the brazing material
therebetween. The active cooling system 12 and the bus bar 22 made then be
placed in an oven to melt the brazing material to braze the bus bar 22 to the metallic
heat sinks 48.

[0053] While preferred embodiments of the inventions have been described, it
should be understood that the inventions are not so limited, and modifications may
be made without departing from the inventions herein. While each embodiment
described herein may refer only to certain features and may not specifically refer to
every feature described with respect to other embodiments, it should be recognized
that the features described herein are interchangeable unless described otherwise,

even where no reference is made to a specific feature. It should also be understood
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that the advantages described above are not necessarily the only advantages of the
inventions, and it is not necessarily expected that all of the described advantages will
be achieved with every embodiment of the inventions. The scope of the inventions is
defined by the appended claims, and all devices and methods that come within the
meaning of the claims, either literally or by equivalence, are intended to be

embraced therein.
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CLAIMS:

1. A solid state circuit breaker, comprising:

a first power semiconductor;

a first active cooling system; and

a first bus bar disposed between the first active cooling system and the first
power semiconductor, the first bus bar being sandwiched between the first active
cooling system and the first power semiconductor to conduct heat from the first
power semiconductor to the first active cooling system through a thickness of the first
bus bar, the first bus bar being metallic and extending at least a portion beyond the
first active cooling system and the first power semiconductor to provide a first

exposed electrical connector.

2. The solid state circuit breaker according to claim 1, wherein the first
active cooling system comprises an evaporator section pressed against the first bus
bar and a condenser section extending beyond the first bus bar and the first power

semiconductor.

3. The solid state circuit breaker according to claim 2, further comprising

a fan blowing air through the condenser section.

4. The solid state circuit breaker according to claim 2, wherein the first
active cooling system comprises a plurality of pipes filled with a working fluid
extending through the evaporator and condenser sections, the evaporator section
comprising metallic heat sinks extending between the pipes, the first bus bar being

pressed against the metallic heat sinks.
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. The solid state circuit breaker according to claim 4, wherein the first

bus bar is brazed to the metallic heat sinks.

6. The solid state circuit breaker according to claim 5, wherein the

metallic heat sinks comprise aluminum.

7. The solid state circuit breaker according to claim 1, wherein the first
bus bar comprises a copper plate sandwiched between the first active cooling
system and the first power semiconductor, the first exposed electrical connector

being formed in a portion of the copper plate.

8. The solid state circuit breaker according to claim 1, wherein the first

exposed electrical connector comprises a hole extending through the first bus bar.

9. The solid state circuit breaker according to claim 1, further comprising
a first electrical conductor connected to the first exposed electrical connector, the
first electrical conductor applying a first voltage potential to the first bus bar, and the
first bus bar applying the first voltage potential to a first side of the first power

semiconductor.

10.  The solid state circuit breaker according to claim 9, wherein the first

voltage potential is also applied to the first active cooling system by the first bus bar.
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11.  The solid state circuit breaker according to claim 9, further comprising
a second active cooling system and a second bus bar,

wherein the first bus bar is disposed against the first side of the first power
semiconductor and the second bus bar is disposed against a second side of the first
power semiconductor opposite from the first side,

the second bus bar being disposed between the second active cooling system
and the first power semiconductor, the second bus bar being sandwiched between
the second active cooling system and the first power semiconductor to conduct heat
from the first power semiconductor to the second active cooling system through a
thickness of the second bus bar, the second bus bar being metallic and extending at
least a portion beyond the second active cooling system and the first power
semiconductor to provide a second exposed electrical connector,

a second electrical conductor connected to the second exposed electrical
connector, the second electrical conductor applying a second voltage potential to the
second bus bar, and the second bus bar applying the second voltage potential to the
second side of the first power semiconductor

electrical current thereby flowing from the first electrical conductor through the
first bus bar, the first side of the first power semiconductor, the first power
semiconductor, the second side of the first power semiconductor and the second bus

bar to the second electrical conductor.

12.  The solid state circuit breaker according to claim 1, wherein the first

active cooling system is a pulsating heat pipe, Cothex or hybrid Cothex.

11
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13.  The solid state circuit breaker according to claim 1, wherein the first

power semiconductor comprises a IGCT, thyristor, A-IGCT, RB-IGCT or GTO.

14.  The solid state circuit breaker according to claim 1, further comprising:

a surge arrester disposed within a center of the solid state circuit breaker;

the first active cooling system disposed against one side of the surge arrester
and a second active cooling system disposed against an opposite side of the surge
arrester; and

the first power semiconductor disposed against the first active cooling system
on an opposite side from the surge arrester, and a second power semiconductor
disposed against the second active cooling system on an opposite side from the

surge arrester.

15.  The solid state circuit breaker according to claim 1, wherein the first
bus bar comprises a copper plate sandwiched between the first active cooling
system and the first power semiconductor, the first exposed electrical connector
being formed in a portion of the copper plate, and further comprising a first electrical
conductor connected to the first exposed electrical connector, the first electrical
conductor applying a first voltage potential to the first bus bar and the first bus bar

applying the first voltage potential to a first side of the first power semiconductor.

16.  The solid state circuit breaker according to claim 15, wherein the first
active cooling system comprises an evaporator section pressed against the first bus
bar and a condenser section extending beyond the first bus bar and the first power

semiconductor.

12
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17.  The solid state circuit breaker according to claim 16, further comprising
a fan blowing air through the condenser section, wherein the first active cooling
system comprises a plurality of pipes filled with a working fluid extending through the
evaporator and condenser sections, the evaporator section comprising metallic heat
sinks extending between the pipes, the first bus bar being pressed against the

metallic heat sinks.

18.  The solid state circuit breaker according to claim 17, wherein the first
exposed electrical connector comprises a hole extending through the first bus bar,
and the first voltage potential is also applied to the first active cooling system by the

first bus bar.

19.  The solid state circuit breaker according to claim 18, further comprising
a second active cooling system and a second bus bar,

wherein the first bus bar is disposed against the first side of the first power
semiconductor and the second bus bar is disposed against a second side of the first
power semiconductor opposite from the first side,

the second bus bar being disposed between the second active cooling system
and the first power semiconductor, the second bus bar being sandwiched between
the second active cooling system and the first power semiconductor to conduct heat
from the first power semiconductor to the second active cooling system through a
thickness of the second bus bar, the second bus bar being metallic and extending at
least a portion beyond the second active cooling system and the first power

semiconductor to provide a second exposed electrical connector,

13
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a second electrical conductor connected to the second exposed electrical
connector, the second electrical conductor applying a second voltage potential to the
second bus bar, and the second bus bar applying the second voltage potential to the
second side of the first power semiconductor

electrical current thereby flowing from the first electrical conductor through the
first bus bar, the first side of the first power semiconductor, the first power
semiconductor, the second side of the first power semiconductor and the second bus

bar to the second electrical conductor.

20.  The solid state circuit breaker according to claim 19, further
comprising:

a surge arrester disposed within a center of the solid state circuit breaker;

the first active cooling system disposed against one side of the surge arrester
and a third active cooling system disposed against an opposite side of the surge
arrester; and

the first power semiconductor disposed against the first active cooling system
on an opposite side from the surge arrester, and a second power semiconductor
disposed against the third active cooling system on an opposite side from the surge

arrester.

14
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