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(57) ABSTRACT 
A power module includes a Substrate that includes an upper 
layer, an electrical insulator and a thermal coupling layer. 
The upper layer includes an electrically conductive pattern 
and is configured for receiving power devices. The electrical 
insulator is disposed between the upper layer and the ther 
mal coupling layer. The thermal coupling layer is configured 
for thermal coupling to a heat sink. The power module 
further includes at least one laminar interconnect that 
includes first and second electrically conductive layers and 
an insulating layer disposed between the first and second 
electrically conductive layers. The first electrically conduc 
tive layer of the laminar interconnect is electrically con 
nected to the upper layer of the substrate. Electrical con 
nections connect a top side of the power devices to the 
second electrically conductive layer of the laminar intercon 
nect. 
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POWER MODULE WITH LAMINAR 
INTERCONNECT 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

0001. This application is related to commonly assigned, 
copending US patent application entitled “Heat sink with 
microchannel cooling for power devices.” Stevanovic et al., 
corresponding to GE docket number 155805 filed concur 
rently herewith, which patent application is incorporated by 
reference herein in its entirety. 

BACKGROUND 

0002 The invention relates generally to power modules 
and, more particularly, to low inductance power modules for 
high power electronic applications. 
0003 Modern power semiconductor switches, such as 
silicon Insulated Gate Bipolar Transistors (IGBTs), are 
capable of Switching at much higher frequencies than earlier 
designs. Their lower Switching losses enable new applica 
tions requiring high frequency power conversion. However, 
inherent to these faster Switching transitions are problems 
associated with the high parasitic inductance of conventional 
packaging technologies. In particular, the Voltage overshoot 
that occurs when a power device is switched off is propor 
tional to the product of the parasitic inductance and the slope 
of the IGBT current during the switching. Because of the 
faster switching transitions of the new IGBTs, reducing the 
parasitic inductance is more critical for the new generation 
of power devices, to avoid excessive Voltage overshoots 
when switching the devices off. For example, a converter 
operating at 500V DC bus with a 50 nH parasitic inductance 
and a relatively fast switching transition of 5 A/ns would 
lead to a 50% voltage overshoot. 
0004. A conventional power module with screw type 
power terminals is shown in FIG. 11. The parasitic induc 
tance of conventional power modules is approximately 20 
nH and the phase-leg inductance of conventional designs is 
typically in excess of 50 nEI. The screw type power terminal 
leads contribute a large share of the parasitic inductance, 
with the remainder contributed by wire bonds and the layout 
of the Substrates. In addition to their high parasitic induc 
tance, the non-symmetric layouts result in poor current 
sharing between power devices. Accordingly, the use of 
conventional power modules with the new generation of fast 
IGBT devices undesirably leads to significantly higher elec 
trical stresses. 

0005 There have been previous attempts to design a low 
inductance power module. For example, Mourick et al., 
“750 A, 75 V MOSFET Power Module with Sub-nH Induc 
tance.” Sep. 2, 2002, IEEE, Proceedings of the 14" Inter 
national Symposium on Power Semiconductor Devices and 
ICs, describe a low inductance multi-chip interconnect fea 
turing a number of conductive webs that enable three 
dimensional interleaving with power devices. During each 
Switching transition, opposing magnetic fields are created by 
the currents through the power devices and by the currents 
in the conductive webs. The opposing magnetic fields can 
cel, resulting in a 2 nEI parasitic inductance for the inter 
connect. However, Mourick et al. fail to address the design 
of a low parasitic inductance interconnect at the module and 
converter level. Other shortcomings of this design include 
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the increased cost due to the addition of conductive webs, as 
well as the overall complexity of the module assembly. 
0006 U.S. Pat. No. 5,424,579, Arai et al., entitled “Semi 
conductor device having low floating inductance,” addresses 
device and substrate layout of a power module. However, 
Arai et al. feature a pair of conventional power terminals that 
keep the module inductance high. In addition, the layout is 
not symmetrical, which can lead to problems with dynamic 
and static current sharing between parallel power device die. 
0007 U.S. Pat. No. 5,574.312, Bayerer et al., entitled 
“Low-Inductance Power Semiconductor Module,” vaguely 
describes a low-inductance dual power module built on 
two-sides of a liquid-cooled heat sink, and there are several 
aspects of this design that make it impractical. For example, 
FIG. 2 of Bayerer et al. indicates an asymmetrical layout of 
the phase-leg, with devices on one side of the heat sink 
presumably mounted with collector/drain/cathode down, 
and with devices on the other side being flip-mounted with 
emitter/sourcefanode down. In addition, Soldering of power 
devices to a double-sided heat sink is less practical and may 
require the use of multiple solders having different melting 
temperatures. Moreover, the module uses a mid-point power 
terminal to connect devices from one side of the heat sink to 
the other. This connection would invariably lead to high 
parasitic inductance, adding to the total phase-leg induc 
tance. 

0008. It would therefore be desirable to develop a low 
inductance power module for use in packaging power 
devices. It would further be desirable to develop low induc 
tance phase leg modules, and a modular three-phase inverter 
with low parasitic inductance. It would further be desirable 
to reduce the contribution to the parasitic inductance asso 
ciated with the power terminal leads and to provide for static 
and dynamic current sharing between parallel power 
devices. 

BRIEF DESCRIPTION 

0009 Briefly, in accordance with one embodiment of the 
present invention, a power module is described. The power 
module includes at least one substrate that includes an upper 
layer, an electrical insulator and a thermal coupling layer. 
The upper layer includes at least one electrically conductive 
pattern and is configured for receiving at least one power 
device. The electrical insulator is disposed between the 
upper layer and the thermal coupling layer. The thermal 
coupling layer is configured for thermal conduction to a heat 
sink. The power module further includes at least one laminar 
interconnect that includes a first electrically conductive 
layer, an insulating layer and a second electrically conduc 
tive layer. The insulating layer is disposed between the first 
and second electrically conductive layers, and the first 
electrically conductive layer of the laminar interconnect is 
electrically connected to the upper layer of the substrate. 
Electrical connections connect a top side of the at least one 
power device to the second electrically conductive layer of 
the laminar interconnect. 

0010. In accordance with another embodiment of the 
present invention, a power module assembly is described. 
The power module assembly includes a number of power 
modules, a number of receptacles configured to receive the 
laminar interconnects of respective ones of the power mod 
ules, and a back plane. The back plane includes a positive 
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direct current (DC) power bus layer, an output layer, and a 
negative DC power bus layer. The receptacles are mounted 
on the back plane. 
0011. In accordance with another embodiment of the 
invention, a modular phase leg assembly is described. The 
modular phase leg assembly includes two power modules, 
and each of the power modules includes a heat sink, a 
Substrate attached to the heat sink, and at least one Switch 
that includes at least one transistor and at least one anti 
parallel diode and is mounted on the electrically conductive 
pattern of the upper layer of the substrate. Each of the power 
modules further includes a housing, encasing the Substrate 
and at least one Switch, and a laminar interconnect. The first 
electrically conductive layer of the laminar interconnect is 
electrically connected to the upper layer of the substrate. 
Electrical connections connect an anode of the at least one 
anti-parallel diode to the second electrically conductive 
layer of the laminar interconnect. 
0012. In accordance with another embodiment of the 
invention, a modular three-phase inverter assembly is 
described. The modular three-phase inverter assembly 
includes six power modules, a number of receptacles con 
figured to receive the laminar interconnects of respective 
ones of the power modules, and a back plane. The recep 
tacles are mounted on the back plane. The power modules 
are arranged in three pairs, and each of the pairs corresponds 
to a phase leg. 

DRAWINGS 

0013 These and other features, aspects, and advantages 
of the present invention will become better understood when 
the following detailed description is read with reference to 
the accompanying drawings in which like characters repre 
sent like parts throughout the drawings, wherein: 
0014 FIG. 1 illustrates a single switch power module 
embodiment of the invention using wire bonds; 
0.015 FIG. 2 illustrates another single switch power 
module embodiment of the invention using a power overlay; 
0016 FIG. 3 is a side view of the single switch power 
module of FIG. 1 or 2 and schematically depicts an exem 
plary heat sink for the power module: 
0017 FIG. 4 shows two types of edge card connectors 
and receptacle configurations; 

0018 FIG. 5 is a cross-sectional view of a phase-leg 
assembly that includes two exemplary edge card connectors 
connected to respective receptacles, which are mounted on 
a back plane; 
0.019 FIG. 6 illustrates a phase-leg embodiment of the 
invention, for clarity the housing is removed, revealing a 
number of power devices mounted on a Substrate; 
0020 FIG. 7 shows the phase-leg of FIG. 6 with the 
housing in place; 
0021 FIG. 8 is a perspective view of the phase-leg 
assembly of FIG. 5 with two single switch power modules 
and a low inductance capacitor mounted on a back-side of a 
back plane; 
0022 FIG. 9 illustrates a full bridge embodiment of the 
invention, where several power modules share a heat sink; 
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0023 FIG. 10 shows a modular three-phase power con 
verter assembly formed using three of the phase legs shown 
in FIG. 5; 
0024 FIG. 11 depicts a conventional power module: 
0025 FIG. 12 is an equivalent circuit diagram of an 
exemplary power module and shows the location of the 
undesirable parasitic inductances; 
0026 FIG. 13 is an equivalent circuit diagram of an 
exemplary phase leg assembly and shows the location of the 
undesirable parasitic inductances; 
0027 FIG. 14 is an equivalent circuit diagram of a 
three-level phase leg assembly, where the schematic 
excludes parasitic elements; and 
0028 FIG. 15 is an equivalent circuit diagram for a 
switched reluctance motor (SRM) embodiment of the inven 
tion. 

DETAILED DESCRIPTION 

0029. A single switch power module 10 embodiment of 
the invention is described with reference to FIGS. 1 and 3. 
Those skilled in the art will recognize that although power 
module 10 is described for a single switch configuration, 
power module 10 is equally applicable to other configura 
tions. As shown, for example, in FIG. 1, power module 10 
includes a substrate 12 with an upper layer 16 that includes 
at least one electrically conductive pattern 17 and is con 
figured for receiving at least one power device 14. An 
exemplary electrically conductive pattern 17 is illustrated in 
FIG.1. As indicated in FIG. 3, substrate 12 further includes 
an electrical insulator 26 and a thermal coupling layer 28. 
Electrical insulator 26 is disposed between upper layer 16 
and thermal coupling layer 28. Thermal coupling layer 28 is 
configured for thermal coupling to a heat sink 30. Power 
module 10 further includes a laminar interconnect 18 that 
includes a first electrically conductive layer 20, an insulating 
layer 22 and a second electrically conductive layer 24, as 
shown for example in FIG. 1. The insulating layer 22 is 
disposed between first and second electrically conductive 
layers 20, 24. First electrically conductive layer 20 of 
laminar interconnect 18 is electrically connected to upper 
layer 16 of substrate 12. As shown for example in FIG. 1, 
electrical connections 42 connect a top side 19 of the power 
devices 14 to the second electrically conductive layer 24 of 
laminar interconnect 18. For the exemplary embodiment of 
FIG. 1 the electrical connections are wire bonds 42. Ben 
eficially, by employing a laminar interconnect, and by 
connecting the Substrate and laminar interconnect in this 
manner, the contribution of the interconnect to the overall 
parasitic inductance is reduced. 
0030. As used herein, the phrase “upper layer 16' 
includes a number of connected and/or disconnected con 
ductive regions that form electrically conductive pattern 17 
and are arranged in the same plane. Upper layer 16 is 
electrically conductive. 
0031. As used herein, the phrase “electrically connected 
to encompasses connecting two elements by wiring, Solder, 
power overlay, bonding, or other electrical connection 
means. According to a particular embodiment, upper layer 
16 of substrate 12 is soldered to first conductive layer 20 of 
laminar interconnect 18. By connecting upper layer 16 to 
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first conductive layer 20, the bottom side (not shown) of all 
power devices 14, such as the IGBT collector (or MOSFET 
drain) and diode cathode, are interconnected. 
0032. According to more particular embodiments, sub 
strate 12 is formed of direct bonded copper (DBC) or an 
active metal braze (AMB) structure. Both DBC and AMB 
refer to a process for directly bonding copper layers to a 
ceramic substrate. Exemplary DBC or AMB substrates are 
formed of copper-ceramic-copper layers. DBC and AMB 
provide a convenient structure for substrate 12, and the use 
of the same conductive material (in this case, copper) on 
both sides of electrical insulator 26 provides thermal and 
mechanical stability. 
0033 According to a more particular embodiment, elec 

trical insulator 26 is thermally conductive. Exemplary elec 
trical insulators include aluminum-oxide (ALO), alumi 
num nitride (AIN), Beryllium Oxide (BeO) and silicon 
nitride (SiN), which are thermally conductive. 
0034) Exemplary insulating layers 22 include FR4, Kap 
ton, other insulating polymers, and other insulating materi 
als. According to a particular embodiment (not shown), 
insulating layer 22 extends beyond first and second conduc 
tive layers 20, 24 by a creepage distance to avoid electrical 
breakdown at the edge of laminar interconnect 18. As is 
known to those skilled in the art, a general rule for deter 
mining the creepage distance is 100 mils per Kilovolt, where 
a mill is one-thousandth of an inch. Exemplary conductive 
layers are formed of copper. Gold-bonded copper is also 
used to reduce oxidation. 

0035 Cooling is a design concern for power electronics. 
Many cooling techniques can be employed for power mod 
ule 10, including flat-Surface cooling techniques, examples 
of which include liquid cooling, micro-channel cooling, and 
conventional heat sinks. For the exemplary embodiment of 
FIG. 3, thermal coupling layer 28 is configured for coupling 
to a base plate 30. For example, thermal coupling layer 28 
may be soldered or otherwise bonded to base plate 30. In 
particular, a DBC or AMB substrate 12 can be bonded to 
base plate 30 using any one of a number of techniques, 
including brazing, bonding, diffusion bonding, Soldering, or 
pressure contact such as clamping. This provides a simple 
assembly process. For the exemplary embodiment of FIG. 3, 
power module 10 includes a heat sink 30, which comprises 
base plate 30. As shown, substrate 12 is attached to base 
plate 30. As discussed and illustrated in copending patent 
application, “Heat sink with microchannel cooling for power 
devices.” for micro-channel cooling embodiments, heat sink 
30 includes a number of micro-channels (not shown in this 
application). In one embodiment, the micro-channels are 
formed in conductive (for example, copper) layer 28 dis 
posed between insulator 26 and base plate 30. In another 
embodiment, the micro-channels are formed in a ceramic 
insulator 26 which is disposed between upper layer 16 and 
either an optional conductive layer or base plate 30. Ben 
eficially, heat sink 30 conducts heat away from power 
devices 14, in order to accommodate high power densities. 
0.036 For the exemplary embodiment of FIG. 1, power 
module 10 further includes a number of power devices 14 
mounted on substrate 12, the power devices being electri 
cally connected to upper layer 16 of substrate 12. Exemplary 
power devices include transistors, such as Insulated Gate 
Bipolar Transistors (IGBT), Metal Oxide Semiconductor 
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Field Effect Transistors (MOSFET), Metal Semiconductor 
Field Effect Transistors (MESFET), and High Electron 
Mobility Transistors (HEMT), and diodes. Those skilled in 
the art will recognize that these are examples of power 
devices and that the invention is by no means limited to 
these examples. As noted above, electrical connections 42, 
43 connect a top side 19 of power devices 14 to second 
electrically conductive layer 24 of laminar interconnect 18. 
For example, the power devices 14 may be mounted on 
substrate 12 via a solder layer 15, as indicated in FIG. 3. By 
connecting the top-sides of the power devices 14 to the 
second conductive layer 24 of the laminar interconnect 18, 
the IGBT emitter (or MOSFET source) and diode anode are 
interconnected. In addition, by connecting the top-sides of 
the power devices 14 to the second conductive layer 24 of 
laminar interconnect 18, the parasitic inductance is reduced. 
For the exemplary embodiment of FIG. 1, the electrical 
connections are wire bonds 42. Exemplary wire bonds 
include 10-15 mill aluminum wire bonds. Ribbon bonds are 
another type of electrical connection. FIG. 2 illustrates 
another embodiment for which the electrical connections 
comprise at least one power overlay 43, which overlays the 
top-sides (not shown in FIG. 2) of the power devices 14. 
Power overlays are described in commonly assigned U.S. 
Pat. No. 6,377,461, Ozmat et al, entitled “Power electronic 
module packaging,” which patent is incorporated by refer 
ence herein in its entirety. Power overlays typically include 
at least one conductive and insulating layer and a number of 
vias (metal plugs). Exemplary insulating layers are formed 
of Kapton. Beneficially, power overlays are more robust 
than wire bonds and reduce the parasitic resistance and 
inductance relative to wire bonds. 

0037 According to a particular embodiment, electrical 
connections 17 and 42 or 43 are symmetric for static 
(steady-state) and dynamic (transient) current sharing. By 
symmetric, it is meant that the total length of the respective 
electrical connections between the power devices 14 and the 
first and second conductive layers 20 and 24 is substantially 
the same. In contrast, conventional power module designs 
provide current paths of varying lengths between power 
devices and the power terminals. Consequently, devices with 
shorter current paths are subject to greater stresses than are 
those power devices with longer current paths. The sym 
metrical arrangements of FIGS. 1 and 2, however, provide 
excellent static and dynamic current sharing between par 
allel power devices 14. 

0038 For the phase leg embodiment shown in FIG. 6, the 
power devices 14 include at least one transistor 36 and/or at 
least one anti-parallel diode 38 forming at least one switch 
34. According to a particular embodiment, Switch 34 is a 
400A switch and includes four (4) transistors and four (4) 
anti-parallel diodes. This configuration is merely exemplary, 
and Switch 34 may have other current ratings and corre 
spondingly, other transistor/anti-parallel diode configura 
tions, depending on the desired application for Switch 34. 
Switch 34 is mounted on electrically conductive pattern 17, 
as indicated in FIG. 6. The electrical connections are shown 
as wire bonds 42 in FIG. 6 and connect the anodes of diodes 
38 to the second electrically conductive layer 24 of laminar 
interconnect 18. The electrical connections may also take the 
form of ribbon bonds or one or more power overlays 43, as 
discussed above with respect to FIG. 2. 
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0.039 Exemplary transistors include insulated gate bipo 
lar transistors (IGBTs), which have emitters and collectors, 
and MOSFETs, which have sources and drains. For IGBTs, 
the electrical connections, which are shown in FIG. 6 as wire 
bonds 42, connect the IGBT emitters to the anodes of 
respective anti-parallel diodes 38. For MOSFETs, with 
internal anti-parallel body diodes, the electrical connections 
connect MOSFET sources to the second electrically con 
ductive layer 24. In some designs, it is desirable to use 
MOSFETs with external high performance diodes, e.g., 
Schottky diode. In such designs, the electrical connections 
connect MOSFET sources to the anode of the respective 
anti-parallel diodes. Benefits of IGBTs include their low 
conduction loss characteristics, whereas MOSFETs feature 
faster Switching speed. According to a particular example, 
power module 10 includes a number of transistors 36, with 
at least one of the transistors being a MOSFET and at least 
another of the transistors being an IGBT. More generally, 
power module 10 includes at least two different types of 
transistors 36. Similarly, for another embodiment, power 
module 10 includes at least two types of diodes 38. For 
example, power module 10 includes a number of anti 
parallel diodes, with at least one of the diodes being a bipolar 
diode and at least another of the diodes being a Schottky 
diode. 

0040 According to a particular embodiment, switch 34 
includes at least two transistors 36 and at least two anti 
parallel diodes 38. For the phase leg embodiment of FIG. 6, 
switch 34 has four transistors 36 and 4 anti-parallel diodes 
38 and is configured as a 400A switch, for example. As 
discussed above with respect to FIG. 1, upper layer 16 of 
substrate 12 includes electrically conductive pattern 17, and 
switch 34 is disposed on pattern 17. Switch 34 further 
includes gate and return leads 63 formed on pattern 17. 
Electrical connections, shown in FIG. 6 as gate wire bonds 
64, symmetrically connect each of the transistors 36 to the 
gate leads 63, which further improves static and dynamic 
current sharing between the power devices 14. 

0041. For the embodiments of FIGS. 1 and 2, laminar 
interconnect 18 is an edge card connector 18 configured for 
connecting to a receptacle 44 mounted on a back plane 46. 
Exemplary receptacles are shown in FIG. 4, while FIG. 5 
shows two receptacles 44 mounted on back plane 46. 
Receptacles 44 have interior contact surfaces 54 for making 
contact with edge card connector 18 and exterior contact 
surface 56 for making contact with back plane 46. The 
contact Surfaces may be Smooth or scored, and exemplary 
contact Surfaces are formed using copper or gold-plated 
copper. As indicated in FIG. 5, back plane 46 includes a 
positive direct current DC bus layer 48, an output layer 50. 
and a negative DC bus layer 52. Beneficially, by employing 
edge card connectors 18 and receptacles 44, the interconnect 
inductance is reduced relative to conventional power mod 
ules. 

0042. In order to protect the power devices 14, the power 
module 10 further includes a housing 32 encasing substrate 
12, according to a particular embodiment. FIG. 7 shows an 
exemplary housing 32. 

0043. An example single switch power module was simu 
lated, and FIG. 12 is an equivalent circuit diagram for the 
single Switch power module. The parasitic inductance of the 
example power module is calculated as follows: 
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LIGBT-Leont-LD+LQ and 
Diode-LeonntsD. 

0044 As used here, LT is the package inductance 
when the IGBT is conducting, and Li is the package 
inductance when the anti-parallel diode is conducting. L. 
is the contribution to the package inductance of the laminar 
interconnect that is shared between the IGBT and the 
anti-parallel diode. Lo is the contribution to the package 
inductance associated with at least one wire bond 42 and the 
portion of electrically conductive pattern 17 between the 
IGBT die and the anti-parallel diode die. LSD is the con 
tribution to the package inductance associated with at least 
one wire bond 42 and the portion of electrically conductive 
pattern 17 between the diode die and the laminar intercon 
nect. In the example, the following parameter values were 
employed. The conductor width on the module was set to 51 
mm, and the conductor width on the connector was selected 
to be 86 mm. A conductor spacing of 2.5 mm on the 
electrically conductive pattern 17 was used, and the spacing 
of the two conductive layers 16, 28 on the connector of 
0.635 mm was selected. The heat-sink width and thickness 
were set to 51 mm and 5 mm, respectively. A wire bond 
diameter of 0.508 mm was used and simulations were 
performed at two frequencies: f=DC and 1 MHz. This is 
merely an example employed for the purpose of running a 
simulation for illustrative purposes only, and these values 
should not be viewed as limiting the invention in any way. 
For this example, the simulation results included: a total 
switch module inductance of 0.93 n, a gate inductance of 
9.2 inH at 1 MHz, a switch module capacitance of 406.4 pF, 
and a capacitance between the heat sink and collector plate 
of 207.5 pF. 
0045. A power module assembly 80 embodiment is 
described with respect to FIGS. 4-6. Those skilled in the art 
will recognize that although power module assembly 80 is 
illustrated for a phase-leg configuration, power module 
assembly 80 is equally applicable to other configurations. As 
shown, for example in FIG. 5, power module assembly 80 
includes a number of power modules 10. As described 
above, exemplary power modules 10 include substrate 12, 
edge card connector 18, and electrical connections 42, 43. 
Exemplary power devices 14 for power modules 10 are 
discussed above. Power module assembly 80 further 
includes a number of receptacles 44 configured to receive 
respective ones of the edge card connectors 18. Exemplary 
receptacles are illustrated in FIG. 4. According to particular 
embodiments, the receptacles 44 have current ratings of at 
least one hundred Amperes (100 A) and more particularly, 
have current ratings of at least four hundred Amperes (400 
A). Power module assembly 80 further includes a back plane 
46, which has a positive direct current DC bus layer 48, an 
output layer 50, and a negative DC bus layer 52, as indicated 
in FIG. 5, for example. The receptacles 44 are mounted on 
back plane 46, as indicated in FIG. 6. 
0046) For the exemplary embodiment of FIGS. 5 and 8, 
power module assembly 80 includes two power modules 10 
and two receptacles 44. As shown in FIGS. 5 and 8, power 
modules 10 are arranged such that their respective base 
plates 30 face each other. Beneficially, this configuration 
provides a low parasitic inductance. Alternatively, for appli 
cations where control of the parasitic inductance is less 
critical and packaging constraints discourage the configura 
tion shown in FIG. 5, power modules 10 and receptacles 10 
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can be arranged in a side-by-side configuration on back 
plane 46. For example, FIG. 9 shows a full bridge configu 
ration with single Switch power modules 10 arranged side 
by-side. For the configuration of FIG. 9, the single switch 
power modules 10 share one heat sink 30. Alternatively, 
each of the single switch power modules 10 may also have 
a separate heat sink. 
0047 According to a particular embodiment, power mod 
ule assembly 80 further includes at least one heat sink 30 for 
cooling power device(s) 14 mounted in the respective power 
modules 10. Heat sink 30 is discussed above with respect to 
FIG. 3. According to a more particular embodiment, elec 
trical insulator 26 is thermally conductive. 
0.048. According to particular embodiments, substrate 12 

is formed of direct bonded copper (DBC) or an active metal 
braze (AMB). For the exemplary embodiment of FIG. 6, 
power module assembly 80 further includes a number of 
power devices 14 mounted on the electrically conductive 
pattern 17 of substrate 12. Exemplary electrical connections 
include wire or ribbon bonds 42 and a power overlay 43. For 
the exemplary embodiment of FIG. 6, the electrical connec 
tions take the form of wire bonds 42. As noted above, one 
benefit of the present invention is that the electrical connec 
tions may be symmetric for static and dynamic current 
sharing. 

0049. As noted above, it is desirable to reduce the para 
sitic inductance of the power module assembly. For the 
phase leg embodiment depicted in FIG. 8, the power module 
assembly 80 further includes at least one low-inductance 
capacitor 82. Exemplary low inductance capacitors 82 
include multilayer ceramic capacitors and film capacitors. 
As shown, the one low inductance capacitor 82 is mounted 
on a back-side 84 of back plane 46. Beneficially, the use of 
low-inductance capacitors 82 further reduces the contribu 
tion to the parasitic inductance from the DC bus link. 
0050 Benefits of power module assembly 80 include a 
low parasitic inductance, modular structure, and scaleability 
to higher currents. 
0051. In another embodiment, power module assembly 
80 is configured as a switch reluctance motor (SRM) drive. 
As shown for example in FIG. 15 for a two phase leg 
assembly SRM drive power circuit, power module assembly 
80 includes at least four power modules 10, where at least 
two of the power modules are switch modules 10, and at 
least two of the power modules are diode modules 10. For 
this exemplary four power module 10 configuration, the 
SRM drive would be configured to drive one winding of a 
SRM. The SRM drive has at least two phase legs, each of the 
phase legs comprising at least one of the Switch modules and 
at least one of the diode modules. As indicated, the Switch 
modules include at least one transistor, for example an 
IGBT, and the diode modules include at least one diode. The 
power modules 10 are arranged in pairs along the back plane 
46, as indicated in FIG. 8 for the case of two power modules. 
However, for the SRM embodiment shown in FIG. 15, four 
power modules 10 are arranged in two pairs, each pair 
consisting of the Switch and the diode module from the same 
phase leg. FIG. 9 illustrates one possible physical configu 
ration of the SRM embodiment of FIG. 15. Alternatively, the 
SRM drive can be configured as shown in FIG. 10. The SRM 
embodiment can be generalized to SRM drive power circuits 
employing other numbers of phase legs. More generally, a 
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SRM includes N windings, where N is an integer, and the 
corresponding SRM drive includes four power modules 10 
(two switch modules 10 two diode modules 10) arranged as 
two phase legs to drive each of the windings. For example, 
for a three winding SRM, the SRM drive includes twelve 
(12) power modules (six switch modules and six diode 
modules) arranged as six phase legs, with the three pairs of 
phase legs driving the respective three windings. A three 
phase SRM inverter would be similar to the standard three 
phase inverter depicted in FIG. 10, with the difference of 
additional alternating pairs of modules comprising a Switch 
module and a diode module, such that the topology of FIG. 
15 is repeated for each phase of the SRM inverter. 

0052 The power modules 10 can advantageously be 
combined to form a modular phase leg assembly 80, which 
is a specific embodiment of the more general power module 
assembly 80. A modular phase leg assembly 80 is discussed 
with reference to FIGS. 5-8 and includes two power modules 
10, which are described above. According to a particular 
embodiment and as shown for example, in FIGS. 6 and 7, the 
power modules 10 are stacked together such that the base 
plate 30 of one of the power modules 10 faces the base plate 
30 of the other power module 10. Beneficially, by arranging 
the power modules back-to-back as indicated in FIGS. 6 and 
7, the parasitic inductance due to the back plane is reduced. 
FIG. 9 shows another arrangement of power modules 10, in 
which single switch modules 10 form a full bridge. For the 
arrangement of FIG. 9, the modules 10 share a single heat 
sink 30. Alternatively, each of the single switch power 
modules 10 may also have a separate heat sink. 
0053 An example modular phase leg assembly was 
simulated, and FIG. 13 is a circuit diagram for an exemplary 
phase leg assembly. The parasitic inductance of the phase 
leg assembly is calculated as follows: 

LBus 
LowL = Lcon + + LD1 + L-so1, 

LB 
LdL+ = Lconn + t + LD2 

LBus 
LowL- = Lcon + 5- + LD2 + Lo2, and 

LB 
LdL = Lcon + te + LD1. 

As used here, L is the parasitic inductance for the upper 
switch path between the output terminal and the positive 
terminal, Li is the parasitic inductance for the upper diode 
path between the output terminal and the positive terminal, 
L is the parasitic inductance for the lower Switch path 
between the output terminal and the negative terminal, and 
L is the parasitic inductance for the lower diode path 
between the output terminal and the negative terminal. L. 
is the parasitic inductance of the back plane, and L is the 
parasitic inductance of the laminar interconnect. Lo (Leo) 
is the contribution to the package inductance associated with 
the wire bond interconnection between the switch Q1 (Q2) 
die and the anti-parallel diode D1 (D2) die. L (L) is the 
contribution to the package inductance associated with at 
least one wire bond 42 and the portion of electrically 
conductive pattern 17 between the diode D1 (D2) die and the 
laminar interconnect. In the example, the following param 
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eter values were employed. The conductor width on the 
module was set to 51 mm, and the conductor width on the 
connector was selected to be 56 mm. A conductor spacing of 
2.5 mm on the electrically conductive pattern 17 was used, 
and the spacing of the two conductive layers on the con 
nector of 0.635 mm was selected. A heat-sink width of 40 
mm was used. This is merely an example employed for the 
purpose of running a simulation for comparative purposes 
only, and these values should not be viewed as limiting the 
invention in any way. For this example, the simulation 
yielded a phase-leg loop inductance—the total loop induc 
tance from positive to negative terminal of low inductance 
DC bus capacitor of 2.78 nFI, for the back-to-back con 
figuration of FIG. 8. In comparison, two identical power 
modules 10 in a side-by-side arrangement yielded a much 
higher parasitic inductance of 36.66 inH for these parameter 
values. This clearly illustrates the importance of stacking of 
power modules such that the base plate 30 of one of the 
power modules 10 faces the base plate 30 of the other power 
module 10, as shown for example in FIGS. 5, 6, 7 and 8. 

0054 As shown for example in FIGS. 5 and 8, modular 
phase leg assembly 80 also includes at least two receptacles 
44 configured to receive respective ones of the laminar 
interconnects 18 and back plane 46. The receptacles 44 are 
mounted on back plane 46. At least one low-inductance 
capacitor 82 is mounted on a back-side 84 of back plane 46. 
Exemplary low-inductance capacitors 82 include multilayer 
ceramic capacitors and film capacitors. 

0.055 FIG. 14 is an equivalent circuit diagram of a 
three-level phase leg assembly, and the schematic excludes 
parasitic elements. As shown, power module assembly 80 
includes six power modules 10, where four of the power 
modules 10 are switch modules, and two of the power 
modules 10 are diode modules. For this embodiment, the 
power modules 10 are arranged as a three level phase leg. 
According to a more particular embodiment, power module 
assembly 80 further includes six receptacles 44 arranged 
vertically on the back plane 46 (along they direction shown 
in FIG. 8), with the power modules 10 stacked in the y 
direction. 

0056. The power modules 10 can advantageously be 
combined to form a modular three-phase inverter assembly 
90 that includes six power modules 10, which are described 
above. An exemplary modular three-phase inverter assembly 
90 is illustrated in FIG. 10. As shown in FIG. 10, the power 
modules 10 are arranged in three pairs, with each of the pairs 
corresponding to a phase leg 91. The phase legs 91 are 
exemplarily labeled A, B and C in FIG. 10. To reduce the 
inductance of the phase leg loops, the power modules 10 
forming a pair are stacked together Such that the base plate 
30 of one of the power modules 10 faces the base plate 30 
of the other power module 10, as shown for example in 
FIGS. 6, 7 and 10. As shown in FIG. 10, modular three 
phase inverter assembly 90 also includes at least six recep 
tacles 44 configured to receive respective laminar intercon 
nects 18, and back plane 46. Receptacles 44 are mounted on 
back plane 46. 
0057 Although the exemplary three-phase inverter 
assembly 90 shown in FIG. 10 includes electrolytic capaci 
tors 93 connected to the DC bus, in order to reduce the DC 
bus contribution to the parasitic inductance, low inductance 
capacitors 82 may be employed. Although not shown in FIG. 
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10, low inductance capacitors 82 are discussed above with 
reference to FIG. 8. According to a particular embodiment, 
modular three-phase inverter assembly 90 further includes at 
least one low-inductance capacitor 82. Such as a multilayer 
ceramic capacitor or a film capacitor. The low inductance 
capacitor is mounted on a back side 84 of back plane 46, as 
shown for example in FIG. 8. 
0058 Although only certain features of the invention 
have been illustrated and described herein, many modifica 
tions and changes will occur to those skilled in the art. It is, 
therefore, to be understood that the appended claims are 
intended to cover all such modifications and changes as fall 
within the true spirit of the invention. 

1. A power module comprising: 
at least one substrate comprising an upper layer, an 

electrical insulator and a thermal coupling layer, 
wherein said upper layer comprises at least one elec 
trically conductive pattern and is configured for receiv 
ing at least one power device, wherein said electrical 
insulator is disposed between said upper layer and said 
thermal coupling layer, and wherein said thermal cou 
pling layer is configured for thermal coupling to a base 
plate; 

at least one laminar interconnect comprising a first elec 
trically conductive layer, an insulating layer and a 
second electrically conductive layer, wherein said insu 
lating layer is disposed between said first and second 
electrically conductive layers, wherein said first elec 
trically conductive layer of said laminar interconnect is 
electrically connected to said upper layer of said Sub 
strate; and 

a plurality of electrical connections connecting a top side 
of the at least one power device to said second elec 
trically conductive layer of said laminar interconnect. 

2. The power module of claim 1, wherein said electrical 
insulator is thermally conductive. 

3. The power module of claim 1, further comprising at 
least one heat sink, wherein said heat sink comprises said 
base plate, wherein said Substrate is attached to said base 
plate. 

4. The power module of claim 1, wherein said substrate 
comprises direct bonded copper. 

5. The power module of claim 1, wherein said substrate 
comprises active metal braze. 

6. The power module of claim 1, further comprising a 
plurality of power devices mounted on said Substrate, 
wherein said power devices are electrically connected to 
said upper layer of said Substrate. 

7. The power module of claim 6, wherein said power 
devices comprise at least one transistor and at least one 
anti-parallel diode forming at least one Switch, wherein said 
at least one Switch is mounted on said electrically conduc 
tive pattern, wherein said electrical connections connect an 
anode of said diode to said second electrically conductive 
layer of said laminar interconnect. 

8. The power module of claim 7, wherein said at least one 
transistor comprises an insulated gate bipolar transistor 
(IGBT) comprising a collector and an emitter, and wherein 
said electrical connections connect said emitter to said anode 
of said anti-parallel diode. 

9. The power module of claim 7, wherein said at least one 
transistor comprises a MOSFET comprising a source and a 
drain, and wherein said electrical connections connect said 
Source to said anode of said anti-parallel diode. 
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10. The power module of claim 7, wherein said switch 
comprises at least two transistors and at least two anti 
parallel diodes, wherein said Switch is disposed on said 
electrically conductive pattern and further comprises a gate 
formed on said electrically conductive pattern, and wherein 
said electrical connections symmetrically connect each of 
said transistors to said gate. 

11. The power module of claim 6, wherein said power 
devices comprise a plurality of transistors, wherein at least 
one of said transistors is an IGBT and at least one of said 
transistors is a MOSFET. 

12. The power module of claim 6, wherein said power 
devices comprise a plurality of anti-parallel diodes, wherein 
at least one of said anti-parallel diodes is a bipolar diode and 
at least one of said anti-parallel diodes is a unipolar diode. 

13. The power module of claim 6, wherein said power 
devices comprise at least one MOSFET comprising a source 
and a drain, wherein said drain is soldered onto said elec 
trically conductive pattern, and wherein said electrical con 
nections connects said source to said upper layer of said 
laminar interconnect. 

Mar. 6, 2008 

14. The power module of claim 1, wherein said electrical 
connections comprise wire bonds. 

15. The power module of claim 1, wherein said electrical 
connections comprise at least one power overlay. 

16. The power module of claim 1, wherein said electrical 
connections comprise ribbon bonds. 

17. The power module of claim 1, wherein said electrical 
connections are symmetric for static and dynamic current 
sharing. 

18. The power module of claim 1, wherein said laminar 
interconnect comprises an edge card connector configured 
for connecting to a receptacle mounted on a back plane, 
wherein the back plane comprises a positive direct current 
(DC) bus layer, an output layer, and a negative DC bus layer. 

19. The power module of claim 1, further comprising at 
least one housing encasing said Substrate. 

20-46. (canceled) 


