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Abstract— Application of very large-scale integration circuit
partitioning techniques toward those of power electronic systems
reduces interconnect parasitics while improving overall power
density. To that end, an EDA tool is currently being developed that
utilizes VLSI partitioning and floorplanning approaches to
synthesize power module layouts and arrange and interconnect
them into functional converter systems from an annotated input
netlist description. When coupled with a tool like PowerSynth,
synthesized module layouts are quickly evaluated and optimized
to find tradeoffs in electrical and thermal performance metrics
while improving the quality of the results. Hierarchically
arranging and interconnecting synthesized modules within this
framework is then shown to reduce overall footprint and
interconnects for a three-level active neutral point clamped
inverter.

Keywords—power electronics, converters, electronic design
automation

. INTRODUCTION

As wide bandgap (WBG) devices continue to mature and
find application in power electronic systems, so too must the
tools and techniques used in their design [1]. Relying solely on
manual design iteration with evaluation using finite element
analysis (FEA) software is both tedious and time-consuming
[2]-[6]. To remedy this, a new generation of electronic design
automation (EDA) tools for power electronics are currently
being developed.

When considering power electronic systems as composites
of smaller functional units—such as modules and their
constituent switching cells—techniques borrowed from the field
of very large-scale circuit integration (VLSI) can be applied to
hierarchically design power converters or inverters by
synthesizing the physical design of the modules from which they
are composed.

Prior work in adapting VLSI techniques to the design of
power modules has been introduced in [7] where methods for
placing and routing devices within a genetic algorithm-based
optimization routine is presented. More recent approaches [8]
continue with the use of genetic algorithms for optimization but
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focus on generating module designs including heterogeneous
components from templates using graph-based techniques. In
these cases objectives for, and evaluation of, thermal and
electrical performance are pursued with the main results
presented as either half-bridge modules or similar with up to
three phase legs.

One power electronic EDA tool currently under active
development is PowerSynth [2]. This software aims to tackle the
electro-thermal co-design of power electronic modules using
reduced order models within a multi-objective optimization
routine. It achieves the minimization of these objectives by
varying device placement and conductor geometry for a given
layout. The reduced order thermal and electrical models used in
evaluating the fitness of a candidate solution have been validated
with physical measurements and have been shown to run up to
three orders of magnitude faster than FEA simulations with
comparable results [2], [9]. Recent progress in the development
of PowerSynth has seen the incorporation of a new, hierarchical,
constraint-aware layout engine based on VLSI concepts that
extends design capabilities to 2.5D and 3D module layouts [10].

A current limiting factor when using PowerSynth is that,
while many variations of a given layout can be quickly
generated and evaluated, the input to the tool still relies on an
initial, user-drawn layout artwork. So while an optimal
configuration of devices and trace geometry for a given design
can be easily and rapidly obtained, the design space is still
constrained to alterations of the original layout. This can be seen
in Fig. 1 where a wide range of solution results have been
obtained while maintaining the original design intent.

This work, then, is an effort to overcome some of the
limitations of PowerSynth while providing a pathway for the
fully automated physical design of converters through a
hierarchical approach inspired by VLSI. The proposed tool
integrates with PowerSynth by synthesizing a set of candidate
module layout designs from a netlist description—each of which
result in numerous variations being generated and evaluated by
PowerSynth—serving to expand the solution space presented to
the user after optimization. In the following sections an
overview of the techniques used and workflow developed are
presented. Following that are results demonstrating the



PowerSynth Optimization Results
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Fig. 1. PowerSynth optimization results with selected layout variations
shown to scale.

enhanced optimization of half-bridge power module designs
when using PowerSynth. Additionally, results showing how
larger converter circuits can be hierarchically partitioned and
synthesized are presented along with a discussion on the impact
on overall converter footprint.

Il. PARTITIONING ALGORITHMS FOR LARGE-SCALE POWER
ELECTRONICS

Circuit partitioning techniques form a critical part of the
VLSI physical design process. The goal of which is to subdivide
a large number of gate-level circuits into partitions of nearly
equal size while considering objectives such as signal delay,
power consumption and cutsize [11]. This cutsize is defined as
the number of nets that get cut when splitting elements of a
circuit netlist between two partitions. An example of cutsize is
illustrated in Fig. 2 where two different cut-lines, cut; and cuty,
result in modules with interconnects numbering 4 and 2,
respectively.

By partitioning a large circuit into smaller modules, the
design and optimization of these subsystems can be performed
in parallel [12]. These modules can then be arranged through
floorplanning and routing at subsequent steps in the VLSI
physical design flow [13].

Several algorithms exist for performing circuit partitioning.
One such example is the Fidducia and Mattheyes (FM)
algorithm [14]. FM is a move-based technique that starts with a
hypergraph representation of a circuit netlist with its elements
randomly distributed between two partitions. Broadly speaking,
FM works by calculating a gain metric for each cell and then
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Fig. 2. (a) Example circuit partitioning in VLS| with two cut lines shown.
(b) The resulting modules formed by the cutlines in (a).

moving the one with the highest gain from one partition to the
other each round. After each round a cutsize is determined and
after a full pass of this heuristic algorithm is completed, the
moves necessary to produce the partitions with the lowest
cutsize between them are recorded [11]. The algorithm can then
be re-run to further refine the solution or subdivide a partition.
This algorithm is also fast, with a run time of O(n) for n
terminals in the netlist. Coupled with the recursive bi-
partitioning results that it produces, the FM algorithm well
suited for the EDA tool being developed in this work.

When power modules are employed to build a system, there
are several industry-standard configurations to choose from such
as the half bridge, common-emitter, and H-bridge [15], [16],
[17].Consider, for example, the design a three-level active
neutral-point clamped (3L-ANPC) inverter. As the authors of
[18] state, the preferred construction of a phase-leg of a 3L-
ANPC inverter would be a single module containing all of the
devices as this would minimize parasitic inductances. They
continue by lamenting the lack of commercial availability of
such products—especially at high current ratings—and chose to
build up the phase leg from half bridge modules. So, as in [18]
[19], the focus is on arranging these half bridge modules and
interconnecting them with low-inductance bus bars. This can be
seen in Fig. 3 (a) and (b).

However, when applying the FM bi-partitioning algorithm
to this type of circuit and allowing for custom module designs
to be utilized, one such module configuration that arises is
shown in Fig. 3 (c). This realizes the 3L-ANPC inverter as
modules instead of three, reducing the number of interconnects
accordingly. Using partitioning techniques in this way leads to a
hierarchical representation of the converter topology that
preserves its overall structure while yielding designs with
reduced footprint and interconnects.

Fi

g. 3. 3L-ANPC inverter composition variations using half bridge modules
(a-b) and with custom modules by partitioning (c).



I1l. PARTITION-BASED HIERARCHICAL LAYOUT SYNTHESIS

This work focuses on applying VLSI partitioning techniques
toward the optimization of power module layouts and their
configuration within a power electronic system. By partitioning
a system so as to minimize bus-interconnect parasitics, custom
module topologies arise to meet this goal. To achieve this, a flow
derived from VLSI physical design and applied to power
converters is proposed. This is realized as a conceptual EDA tool
written in Python. The EDA tool currently under development
is targeted to 2D, wire-bonded module layouts and is limited to
Manhattan routing. A high-level overview of this hierarchical
approach is illustrated in Fig. 4. This is a heuristic approach that
synthesizes layouts by a random selection of design variables
guided by a simulated annealing algorithm [12].

Converter synthesis begins with an annotated netlist of the
overall power circuit. These annotations guide the entire process
and cover topics such as the paralleling of devices, number of
modules to synthesize, and how to interconnect the modules
with the overall converter system. After the netlist is parsed, the
partitioning step recursively bi-partitions the circuit using the
FM algorithm until single switch positions are reached. This
results in a binary tree representation of the entire circuit where
the leaves represent switch positions and nodes are routing
groups and modules. In the floorplanning phase, the binary tree
is used again to create a binary slicing partitioning [12] where
the individual switching cells are placed relative to each other.
An example illustration of this floorplanning technique is found
in Fig. 5. In a binary slicing floorplan, either horizontal (H) or
vertical (V) slicing operations can be performed to recursively
partition the converter footprint.

Next, the switching cells are generated by placing devices
and terminals using a force directed placement (FDP) routine
[13], [20]. The results of the FDP routine give the relative
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Fig. 5. Binary slicing floorplan (right) with its corresponding
tree representation (left) including both operators and operands.

locations of each component and terminal within a partition.
From these, a routing grid is then populated with the locations
of each. A maze-solving routing algorithm [13], [21] is then
used to connect each of the devices to their respective terminals
in this routing grid. An overview of this process is outlined in
Fig. 6(a). This process is continued up the tree (as in Fig. 5)
during the module composition phase where groups of switching
positions are routed together as necessary to form a module as
outlined in Fig. 6(b). This defines the overall layout and trace
geometry for the modules. A legalization step then follows that
finalizes conductor geometry and checks for violations.

At this stage, module layout designs can be exported in
several ways one of which includes a PowerSynth-compatible
project—allowing the synthesized module designs to be
optimized for tradeoffs in electrical and thermal properties.
Results of this optimization can then be reintroduced for in the
final interconnection step (Fig. 4). Here, converter-level
interconnects take the form of laminated bus bars and are
generated using a modified version of the routing routine
described above. Additional export methods include 3D models
that can be used in commercial FEA software for more detailed
analysis.
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Fig. 6. Flow charts for (a) switching cell generation and (b)
module composition.



Algorithm 1: Simulated Annealing
Input: Initial temperature 7,, total run time ¢, exponential factor a, rate increase

factor 3, number of timesteps to increase by 5 each round m
Output: Best solution Shest
Initialize: T+ T, tsare < current time, Seyment ¢ randomly generated initial
solution, Spest = Securrent
1 while current time — t g,y <t do
2 for i < 1 tom do
3 Sheighbor < @ perturbation of Seyrrent
4 Ap + Cost(Speighbor) — Cost(Seurrent )
5 if Ay <0 or Random(0,1) < exp(—Ap/T) then
6 Seurrent ,w'lwmmm:
7 if Cost(Scurrent) < Cost(Spest) then
8 Sbest ¢ Scurrent
9 end

10 end

11 end

12 T+a-T;

13 m 4 [3-m;
14 end

15 return Sj.q

Combinatorial problems like slicing-tree floorplans are not
readily solved with deterministic methods. For this reason,
stochastic approaches such as simulated annealing (SA) are
often employed to find an optimal-rather than optimum-—
solution [12]. The details of SA are listed in Algorithm 1. When
synthesizing and evaluating a layout an SA search is used to
make moves on a design string representation of the converter.
This design string encompasses the binary slicing floorplan
along with terminal positions at each level of the design
hierarchy. The design string is used to represent a solution S as
in Algorithm 1. Moves that are able to be performed on the tree
include changing slicing operations, swapping child nodes, and
changing the configuration of terminals within a node. As a cost
function, the SA routine currently uses a weighted sum of
metrics like converter footprint and path-length between
selected terminals. Additional metrics can also be implemented
such as the area occupied by selected nets to make targeted
reductions in trace capacitances related to conducted
electromagnetic interference. However, the primary use of the
SA routine at this stage in development is to guide the
synthesizer toward feasible solutions and away from ones that
are not possible.

IV. LAYOUT SYNTHESIS AND OPTIMIZATION RESULTS

Utilizing this tool and approach have shown promising
results in both the optimization of individual modules as well as
overall converter-design compaction.

To test the capabilities of this tool in conjunction with
PowerSynth, a case study involving a half-bridge module design
with two paralleled devices per switch position has been
performed. In this example, synthesized layouts are used as
input to PowerSynth optimization runs and are compared to that
of amanually drawn design for comparison. During PowerSynth
execution, the performance metrics chosen are maximum
junction temperature and loop inductance between the DC+ and
DC- terminals of the module. 10 W of power dissipation is

applied to each device with 150 Wm™2K™ of heat removal
applied to the module backside during thermal evaluation.

In total, 55 half-bridge layout designs are synthesized in 18
minutes using this tool. For each of the layouts synthesized,
PowerSynth is used to generate and evaluate 15 layout variations
for a total of 825 different data points. Additionally, a single
manually drawn design is then used for comparison by allowing
PowerSynth to generate and evaluate 100 different variations of
it.

The results of this PowerSynth optimization run are shown
in Fig. 7. Here, all of the optimized results for the synthesized
layouts produced by this tool are shown as circles with the
Pareto frontier solutions colored. The results corresponding to
the manual design are shown as red crosses.

One immediate observation is that, by including multiple,
synthesized design iterations, the Pareto frontier in Fig. 5
dominates all of the solutions derived from the manually
designed layout. This points to an expanded solution space
where temperature and parasitics are further reduced. Also
shown in Fig. 7 are two selected layouts—one synthesized using
this tool and the other being the manual design. Each of the cases
represents a good balance for thermal and electrical
performance. However, the loop inductance and temperature of

Half-Bridge Module Synthesis Results
Optimized in PowerSynth
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Fig. 7. Trade-offs between junction temperature and loop inductance
for half bridge modules optimized using PowerSynth. Circles represent
solutions derived from synthesized layouts while crosses represent
those from a manual design input.
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Fig. 8. Selected synthesized layouts from the Pareto frontier in Fig. 7.

the synthesized layout are significantly reduced as recorded in
Table 1.

Table I. Comparison of half-bridge optimization results.
Design Type | Inductance (nH) | Max Temperature (C)
Manual 16.6 124
Synthesized | 12.7 106

To illustrate the variety of half-bridge layouts synthesized,
three examples chosen from the Pareto frontier in Fig. 7 are
shown in Fig. 8. The names here correspond to the layout ID
numbers from the legend in Fig. 7.

Beyond synthesizing individual modules, this tool can also
arrange them according to the converter floorplan and generate
a laminated bus bar interconnect solution. One such example for
a 3L-ANPC inverter is shown in Fig. 9. Fig. 9(a) shows the
upper (figure left) and lower (figure right) modules as described
in the circuit diagram in Fig. 3 (c). Fig. 9(b) presents a 3D
rendering of the modules along with their bus bars.

Using this hierarchical approach to converter layout yields
designs that provide reduced inter-module interconnects as well
as converter footprint and commutation loop areas. An example
of this is illustrated in Fig. 8, where conventional 62 x 152 mm
half-bridge modules are used to construct a 3L-ANPC inverter
and compared with that of the design in Fig. 7. When using this
particular arrangement of generic half-bridge modules, the
converter area is 37,696 mm? versus the 12,240 mm? for the one
synthesized with this tool-an area reduction of approximately
68 %.

(b)

Fig. 9. (a) A synthesized 3L-ANPC inverter comprised of two modules.
(b) Rendering of the modules including laminated bus bar interconnect.

Fig. 10. Converter footprint area comparison for a 3L-ANPC inverter
using (a) generic power modules and (b) synthesized ones.

Using this hierarchical approach to converter layout yields
designs that provide reduced inter-module interconnects as well
as converter footprint and commutation loop areas. An example
of this is illustrated in Fig. 10, where conventional 62 x 152 mm
half-bridge modules are used to construct a 3L-ANPC inverter
and compared with that of the design in Fig. 9. When using this
particular arrangement of generic half-bridge modules, the
converter area is 37,696 mm? versus the 12,240 mm? for the one
synthesized with this tool-an area reduction of approximately
68 %.

V. CONCLUSION

The field of VLSI, with its continued development over the
last 60 years, hosts a wealth of algorithms and techniques for
EDA. Applying these to the development of EDA tools for
power electronics continues to demonstrate potential for
improving design quality while reducing design time.

In this work, an EDA tool based on circuit partitioning and
chip floorplanning techniques from VLSI has been developed to
synthesize power module layouts and arrange them into a
converter layout in a hierarchical fashion from an annotated
netlist file input. Integrating this tool with existing EDA tools
like PowerSynth allows a designer to explore and expand the
solution space for a given problem much more rapidly. In the
examples given, dozens half-bridge module layouts are
synthesized before being optimized and evaluated using
PowerSynth—creating hundreds of candidate solutions in less
time than it takes to draw a single layout by hand.

Furthermore, when fully taking advantage of the hierarchical
nature of this converter design flow, a pathway to more compact
converter designs with fewer parasitics becomes apparent. As
work on this tool continues, more converter topologies will be
explored and evaluated on the road to full converter physical
design automation. By implementing 2.5 and 3D module
designs the line between module and converter begins to blur
and the density of power electronic systems will continue to
increase.
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