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Abstract: With the proliferation of renewable energy generations, power conversion systems (PCSs) are becoming much more
complex; it is becoming challenging to search all possible power conversion architectures (PCAs) and find the best optimisation
in terms of different objectives. Therefore, this study investigates a systematic approach to construct and evaluate PCAs using
graph theory. First, the components in PCSs are graphically modelled as either nodes or edges. Then, a generalised PCA
deduction methodology is proposed, and all possible PCAs can be mathematically deduced by modifying elements in adjacency
matrices. For a fuel cell (FC) generation system, 45 possible PCAs are found with the proposed method. Furthermore, an
evaluation methodology based on graph theory is proposed. The performance indices of the deduced PCAs, including costs,
efficiency, and reliability, are calculated. Then, an optimisation approach is applied to finding the best architecture compromise,
where the one with the shortest distance to the ideal architecture is considered the best architecture compromise. For the FC
demo system, with the proposed assessment methodology, the best architecture compromise (dc-bus structure) is found among
45 possible architectures. Finally, the experimental platform, which adopts the dc-bus optimised architecture, is built and

experimental results validate the architecture selection.

1 Introduction

Power electronic (PE) techniques are playing a significant role in a
range of applications, such as data centres, transportation systems,
and renewable generations [1]. In the past few decades, numerous
PE conversion architectures have been proposed to achieve various
functions in different applications. Along with the advancement of
PE technology, the goal of power conversion systems (PCSs) is
more than just a voltage regulation. Furthermore, the objective of
PCA design has been extended to (i) low costs, (ii) high output
quality, (iii) high efficiency, (iv) high reliability and (v) low
complexity [2]. Moreover, with the proliferation of renewable
energy generations, the number of sources integrated into PCSs has
significantly increased and the corresponding power conversion
architectures (PCAs) are becoming much more complex.
Consequently, it is becoming challenging to search all possible
architectures for PCSs and find the optimised solution in terms of
different objectives. Therefore, investigating a systematic approach
to construct and evaluate PCAs is crucial, and attracting much
attention among researchers.

Fig. 1 presents the PCAs reported in the past literature, where
bus structures are dominant [3]. Based on the type of bus, the bus
configurations can be classified into three categories: ac-bus, dc-
bus and ac/dc bus hybrid [4]. Compared with ac-bus structures, dc-
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bus configurations become increasingly popular due to their merits,
such as high reliability and scalability, easy control, and simple
interface with renewables and energy storages [5]. Based on the
number of dc-bus, the dc-bus structures can be further divided into
two categories: singular-bus and multiple-bus. The singular-bus
configurations can be unipolar or bipolar based on the polarity of
the dc-bus [6]. For multiple-bus configurations, there are three
types: parallel-, series-, and parallel/series-buses [7]. In addition,
three types of non-bus structures are normally applied, including
point-to-point, star- and ring-structures.

With respect to the PE system optimisation design, a number of
papers propose different methods to construct and evaluate PCAs
in term of costs, efficiency, reliability, and complexity. However,
most of PCA construction methodologies reported are based on
requirement analysis and topology enumerations. In [8], three
multiple-input dc/dc architectures are compared in terms of costs,
modularity, reliability, and flexibility. However, the analysis is
relatively qualitative and the characteristics of input sources are not
considered. In [9], Li ef al. investigate PCAs for FC generation
systems and the efficiency performance for four different PCAs is
evaluated. Since the costs of FCs are high, maximising system
efficiency becomes a top priority. In [10], a multi-source
uninterruptible power supply (UPS) system is proposed to boost
system reliability. Furthermore, four power conversion structures
are enumerated and compared in terms of reliability. Shi et al.
further propose a graphical methodology to deduce possible
architectures for multi-source UPS systems, which is based on a
simplified component model [11]. Moreover, the deduced
architectures in [11], including star, bus, ring, and hybrid
structures, are evaluated in terms of reliability. However, there is a
lack of rigid mathematical deductions, and the proposed method is
a graphical enumeration in essence. Similar methodologies are
applied in microgrids and several papers address how PE
configurations can affect the reliability of microgrids [12, 13].
Overall, the majority of methodologies reported in the past
literature are PCA enumerations, which can only be suitable for
specific applications. Also, most of the optimisations reported are
single objective rather than multiple objectives.
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Fig. 2 Graphical modelling for five types of components

Presently, multiple-objective optimisation in power electronics
can be found in power converter design. The common objectives
include power density, efficiency, reliability, and costs. There are
two main multi-objective optimisation methods reported [14]. The
first one is called aggregate function approaches, which weigh
different objective functions into a single objective function. This
method presents the relative importance of the objectives by
allocating different weighing factors. Thus, it is not suitable when
the relative relationship of the objectives is unknown [14]. The
second one is called the Pareto front (PF) techniques. Compared
with the first method, this method does not weigh the objectives
beforehand. To achieve PF techniques, there are three common
algorithms: (i) heuristic genetic/evolutionary algorithms [14], (ii)
algorithms with guaranteed convergence to the Pareto optimal
solution [15], and (iii) iterative grid search algorithms with an
appropriate discretisation of the variables [16, 17]. Among these
three algorithms, the first algorithm cannot always guarantee to
find optimal solutions, and thus the two latter approaches are more
commonly adopted. Furthermore, due to the merits of numerical
robustness and simplicity of implementation, the grid search
algorithm is becoming more popular. Also, the grid search
algorithm is often considered as systematical enumerations. In
[18], a life cycle cost driven optimisation process is implemented
with enumeration algorithms. By sweeping over a range of
switching frequencies, the optimal components for the converters,
such as switches, inductors, transformers etc., are found. For
multiple boundary conditions, the concept of the design space (DS)
is considered promising, and it has been applied to optimise output
filters in PE converters [19]. Furthermore, Boillat et al. [20]
combine the DS analysis and PF optimisation to design output
filters in cases of six combined requirements. Another aspect of
multi-objective optimisations that researchers are focusing on is
improving the system evaluation models regarding efficiency,
power density, and costs. For instance, thermal models for
semiconductors and magnetics are added in [21-23] to improve the
accuracy of the converter model during dynamic operations. In
[24], the cost models for each component are detailed and
numerical values for the parameters are considered. Furthermore,
advanced and experimentally verified loss and thermal models are
incorporated to improve the accuracy of the dynamic model. In
addition, several papers address the sensitivity of the optimal
solutions, such as the impact of parameter variations.

Graph theory started in the 17th century when Euler solved the
famous problem: ‘Seven bridges of Konigsberg’. Presently, it has
been applied in various engineering fields, such as computer
science, networking, and power systems [25]. For power systems,
the graph theory is mainly applied in three directions: system
operation analysis, design of power system network, and system
reconfigurations after faults. Specifically, in [26], graph theory is
used to analyse load flow and loss allocation in a power system,
which can monitor the system operation status and find overloaded
buses. In [27], graph theory is applied to design optimal placement
for phasor measurement units in a power system. Garg et al. apply
graph theory to optimise and evaluate power plant selections [28].
Furthermore, graph theory is applied to reconfigure power
networks in cases of faulty or overloaded conditions [29], where
less loaded paths are chosen among the feasible candidates.
However, there are a limited number of papers that apply graph
theory in power electronics. Smedley and Cuk develop a unified
graphical modelling approach called ‘switching flow graph’ to
study non-linear dynamic behaviours of pulse-width-modulated
converters [301 _Tn 311 the nhenaomenon of sneak naths in PE

DOCKET

_ ARM

converters is investigated using graph theory and the design to
eliminate sneak paths is proposed as well. Overall, there are not
many papers reported to use graph theory to deduce and evaluate
PCAs yet.

Therefore, this study will investigate a systematic approach to
construct and evaluate PCAs using graph theory. The main features
of the proposed methodology are as follows:

i. The proposed methodology of searching possible PCAs is a
systematic approach. All possible PCAs can be mathematically
found with the proposed method. Also, it can be applied in any
complex systems with any number of nodes (sources and
loads).

ii. The proposed methodology of assessing PCAs is also based on
graph theory. It is a generalised scenario, and the performance
indices can be mathematically obtained with graph theory.
Also, a multi-objective optimisation of finding the shortest
distance to the ideal architecture is proposed. It is easy to find
the best PCA compromise among all possible PCAs.

iii. The proposed method is based on a mathematical deduction
and can be easily implemented via software computing. This
makes possible to find the optimised PCAs for large-scale
PCSs with the aid of computers.

2 Component modelling for PCSs

The components in a PCS can be divided into five categories,
including (i) unidirectional sources, such as solar panels and fuel
cells, which can only release power, (ii) bidirectional sources, such
as the grid and supercapacitors (SCs), which can both release and
absorb power, (iii) loads, (iv) PE converters, and (v) power
distribution buses. To investigate possible PCAs using graph
theory, these five types of components are modelled as either nodes
or edges as shown in Fig. 2. Three points are made here.

i. The unidirectional and bidirectional sources, loads, and buses
are modelled as nodes; PE converters are modelled as edges.
The symbol of the buses is different in Fig. 2, and the main
purpose is to differentiate the buses with other nodes (sources
and loads).

ii. The bidirectional edge represents bidirectional converters,
while the unidirectional edge represents unidirectional
converters. Also, the direction of the edge can denote the
power flow direction of the converter.

iii. For power distribution buses, the number of PE converters
connected to them should be at least three.

By applying the graphical models, a PCS can be transformed
into a graph. Then, the problem of searching for possible PCAs can
be transformed into a graph issue. Fig. 3a presents an example,
where a FC generation system is physically transformed into a
graph.

In the FC system, the system can be operated in either grid-
connected mode or stand-alone mode. Note that the SC is applied
to provide dynamic power when the output power steps up or down
as shown in Fig. 3b. This can compensate for the slow dynamics of
FCs and prolong their lifespan [32].

The following sections will propose a PCA constructing
approach based on graph theory. Meanwhile, the FC generation
system is introduced to demonstrate the approach.

3 Non-bus PCA construction

This section presents the method of constructing non-bus PCAs.

3.1 Obtain possible graphs by modifying adjacency matrices

First, list all nodes in the system. In the demo system (see Fig. 4a),
there are three nodes, including fuel cell (FC), SC and ac grid/load
(G/L). Then, add edges to connect these nodes and obtain possible
graphs, and this can be completed based on adjacency matrices.

Find authenticated court documents without watermarks at docketalarm.com.



https://www.docketalarm.com/

L

e

Fig. 3 FC generation system
(a) Graphical model for a FC generation system, (b)) SC compensates FC's slow

dynamics

Fig. 4 Graph of FC generation demo system
(a) Three nodes, (b) Graph after adding edges

a

Table 1 26 modified adjacency matrices
Number of modified Modified adjacency matrices A
elements
2 0 a bl |0 a O] [0 a O
0 0 Of,la 0 0,[0 O cf,
0 0 00 O O0f[0 0O
0O a O] [0 O ][]0 O H[[0 O &
0 0 Of,|a 0 0[]0 O c‘, 0 0 0
0O ¢ 0] [0 O OfJ[0 O Of[0 ¢ O
0 0 O] [0 O O][]0 O O
a 0 c¢|,|la 0 0,0 O c]
0 0 0] [0 ¢ 0][0 ¢ O
3 0 0 O0][0 O b][O O ][O O b
a 0 c¢[,]J0 0 c¢|,la O O],[a O «c|,
0 ¢ 0]|0 ¢ O[][0 ¢ Of [0 O O
0 a 0] [0 a O][0 a O] [0 a b
0 0 c|,|la O Ol,la 0 ¢[,|0 0 0f
0 ¢ 0] [0 ¢ Of[0 O Of] [0 ¢ O
0 a bl [0 a b
0 0 cf,|la O 0‘
0 0 010 0 O
4 0 0 b|[0 a O][0 a b
a 0 cl,Jla 0 ¢|,|[0 O c|,
0O ¢c 0[]0 ¢ O][0 ¢ O
0O a b0 a b
a 0 Ol,la 0 ¢
0 ¢ 0]]10 0 O
5 0 a b
a 0 ¢
0 ¢ O

For the demo system as shown in Fig. 4a, the adjacency matrix
A is shown in (1), where the ordering of three nodes is assumed to
be FC, SC and G/L
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FC SC G/L

FC|0 0 O

A= . 1
SC[0 0 O M

G/LI0O 0 O

Based on the graph theory, if an element in the adjacency matrix is
modified to non-zero, an edge can be added correspondingly. For
instance, if the element (FC, G/L) in A is changed to ‘b’ as shown
in (2), a unidirectional edge b is added from FC to G/L in the graph
as shown in Fig. 4b. Similarly, if the symmetry elements (FC, SC)
and (SC, FC) are both modified to ‘a’, a bidirectional edge a is
added between FC and SC in the graph as shown in Fig. 45

FC SC G/L
FC[0 a b
' @
A'=SCla 0 0.
G/LI0 0 0

Therefore, by modifying the elements in the adjacency matrix, new
graphs can be deduced. Note that three assumptions are made while
modifying the elements.

i. The elements in the main diagonal are maintained as ‘0’. The
fact is that self-loops will be generated if these elements are
changed to non-zero. However, these created self-loops are
meaningless for power conversions.

ii. The element (G/L, FC) is maintained as ‘0’, and thus the route
from the G/L to FC is not considered. The reason is that FC in
the system only outputs power and cannot absorb the main
power from the G/L side.

iii. Parallel edges are not considered. For instance, if multiple
converters are directly connected in parallel for redundancy,
parallel edges will occur in the graph. However, this case will
not be considered in this study.

With these two assumptions, there are five elements in the
adjacency matrix that are allowed to be modified. As shown in (3),
these five elements are boxed.

0 [
A= o P 3)
0 [

Since there are five elements that can be modified, the total number
of adjacency matrices that can be obtained after the modification is
shown in (4). Note that, to connect three nodes in the graph, the
number of the elements selected to modify is at least two

N
Ni= ) Ck,=Ci+C+Ci+C =26 4)
k=2

where N, is the total number of elements in the adjacency matrix
that can be modified and N,, =5 here.

Table 1 presents these 26 modified adjacency matrices. The
numbers marked in red indicate that the corresponding elements
are modified.

3.2 Find the graphs which meet the system's basic
requirements among all possible graphs

From above, 26 possible graphs are deduced. Then, check if these
graphs can meet the basic requirements of the system. In the demo
system, the basic requirements are as follows:

i. The FC needs to feed the G/L as shown in Fig. 5a.

ii. The SC needs are charged from the FC as shown in Fig. 5b.

iii. The dynamic responses of FCs are slow. To compensate the
FC's slow dynamics, SCs should be able to charge and
discharge dynamic power. Note that the SC can charge and
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Fig. 5 Requirement analysis for the FC demo system
(a) Requirement 1, () Requirement 2, (¢) Requirement 3
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Fig. 6 2-edge walks in the demo graph
(a) 2-edge walk from SC to G, (b) Invalid 2-edge walk

discharge the power either to the FC directly or to the G/L as
shown in Fig. Sc. In either way, the power change rate of the
FC can be restrained.

Therefore, based on three above requirements, check if these
paths, including from FC to G/L, from FC to SC and from SC to
FC (or to G/L), are created in the deduced graphs. The approach of
checking those paths with graph theory is detailed as follows.

Taking the adjacency matrix in (2) as an example, the square of
A’ is obtained as shown in (5)

a@ 0 0
AY =0 & abl- ®)
0O 0 O

Based on graph theory, the elements in (A’)’ represent the
corresponding two-walk paths in the graph. For instance, the
element (SC, G/L) is ab. This means there is a two-walk path from
SC to G/L, which is via edges a and b. This two-walk path can be
found in the graph (see Fig. 6a).

It is worth pointing out that the elements having a2, % and ¢2
indicate that the corresponding paths walk the same edges twice.
For instance, the element (FC, FC) is &°, and thus there is a path
that FC goes back to itself after walking through the bidirectional
edge a twice (see Fig. 6b). However, this is not valid in practice,
since an edge (a converter) can only be used once in one path.
Therefore, the paths, which have a2, b%, and ¢, should be removed.
Then, the matrix is updated and presented in (6)

00 0
@Ay=0 0 abl. (6)
00 0

Based on graph theory, all the paths in the graph can be found in
the sum of the adjacency matrix powers, as shown in (7). The
matrix At is also called the path matrix

Nol 0 a b
Ar= ) A)'=A"+@A)=|a 0 abl, N
k=1 00 0

where N is the total number of nodes in the graph.

From (7), there are four paths in the graph and these four paths
are presented in Table 2. From it, the basic paths, including from
FC to G/L, from FC to SC and from SC to FC (or G/L), are created
in this graph. Therefore, the basic requirements of the system can
be met.

Following the same method, the path matrices for all 26 graphs
are calculated and presented in Fig. 7. Note that the numbers
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Table 2 Four paths in the graph A’

Elements Paths  Walking edges Functions
(FC,G/L):b FC—G/L edge b FC powers G/L
(FC, SC): a FC — SC edge a FC charges SC
(SC, FC): a SC - FC edge a SC discharges to FC
(SC,G/L):ab SC — G/L edgesaandb SC discharges to G/L
Path matvix Ar
f0 a b] 0. a 010 a ac
[0‘\(1 uHa S0 0 .[0 0 ¢ ]
o o~0llo o~ollo 0 o
0. a 01 fQ 0 b]f0_ 0 b] [0 bc b
2 l(] =0 0f, u“‘(l m‘}],[ ™ ¢ [(01“0\ U],
0 c~ollo 0" 00{1\0 c™0
0 0 0] [0 0 U ‘00
a ],[ﬂ -0 0 ‘~Q cl
0 0 ) lac e~0llo e
Q. be bé b 8.._‘_‘\0 b
[u x“Q },l Ll,l 0 abl,|a hn%gi—;ti.‘l.
ac ¢ ™ m c 0llo 0o ™o
0 a ac ] 1 ac] [@._a+bc b
3 ll) 0 ¢ ,I(i (] 0. 0 c|,|]0 ™0 0},
0 ¢ 0)lac ™0 0 0 ollo ™0
O a btac] [0 a b
C ]; a I|'IIJ
0
fk a+bc b+ ac)
Ia c+ arn], [{d l I 0 c |
i

a+ bc b+ ac
a 0 ab|,|a c+ab
ac T 0l Lo 0 0

[(] a+bc b+ac
(

un

a 0 c+ab
I c 0

Fig. 7 Path matrices for all 26 possible graphs

marked in red indicate one-walk paths, and the numbers in green
show two-walk paths.

Based on the path matrices, check if the corresponding graphs
meet the requirement of the system. Specifically, check if the
following paths are created: from FC to G/L, from FC to SC and
from SC to FC (or to G/L). If not, this graph cannot meet the
requirement and should be eliminated. As a result, 13 unqualified
graphs are found and these graphs are crossed out as shown in
Fig. 7. Therefore, there are only 13 qualified graphs left.

Since the main task of the system is to send FC's power to the
G/L side, the element (FC, G/L) in the path matrix is the most
concerning. From the path matrices in Fig. 7, these 13 qualified
graphs can be divided into three categories based on the element
(FC, G/L), which are shown in Table 3.

In category I, the element (FC, G/L) is ‘ac’, which means the
FC powers the G/L via two edges (a and c). Therefore, the system
efficiency from FC to the G/L side is relatively low. In category II,
the element (FC, G/L) is ‘b’, which means the FC powers the G/L
via edge b and the system efficiency is higher than the first
category. In category IIl, the element (FC, G/L) is ‘b + ac’, which
means the FC can power the G/L either via edge b or via edges a
and c. Therefore, the redundancy is created and the reliability of
the FC powering the G/L is enhanced as well.

Based on Tables 1 and 3, these qualified graphs are plotted as
shown in Fig. 8.

4 Singular-bus PCA construction

This section will present the method of constructing singular-bus
PCAs. For the FC demo system, a power bus is added. Note that
the added bus could be a dc bus or an ac bus, and this study will
focus on dc bus PCAs.

First, list all nodes in the system. As shown in Fig. 9a, there are
four nodes, which are FC, SC, G/L, and bus. Then, based on the
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Table 3 Three categories based on the element (FC, G/L)

Path matrix At

| 0 a ac] [0 a ac] |0 a ac]|0 a ac
00 c¢,]JO O c¢clfa O cl|Ja 0 ¢
00 O] [0 ¢ 0]]10 0 Oflac ¢ O
1] 0 bc b][]O bc b][0 bc b 0 a b
0 0 c¢|,la O abl,la O c+abl,|la 0 ab
0 ¢ O]lac ¢ O0]]ac ¢ 0 00 O
0 a+bc b
a 0 ab
ac c 0
1 0 a b+acl|[0 a+bc b+ac] |0 a b+ac
00 c |,]|0 0 ¢ |.la 0 c+ab|,
0 0 0 0 c 0 00 0
0 a+bc b+ac
a 0 c+ab
ac c 0

Fig. 8 Three types of the qualified graphs for the demo system

adjacency matrix, add edges to connect the nodes and obtain
possible graphs.

For the demo system as shown in Fig. 9a, the adjacency matrix
A is shown in (8), where the ordering of four nodes is assumed to
be FC, SC, G/L, and bus

FC SC G/L
FC[0 0 0 0
_sclo 0o 0 0 ®)
TG/LI0 0 0 o
Busf0 0 0 O

Then, modify the elements in the adjacency matrix to non-zero and
deduce new graphs. Several assumptions are made while
modifying the elements

i.  The elements in the main diagonal are maintained as ‘0’

ii. The number of edges connected to the bus is at least three.
Therefore, three nodes (FC, SC, and G/L) all have to be
connected to node-bus as shown in Fig. 9b.

iii. The elements (G/L, FC) and (bus, FC) are maintained as ‘0’.
The reason is that FCs cannot absorb the main power. Thus,
edge a between FC and the bus is unidirectional.

iv. Edge ¢ from the bus to the G/L indicates a dc/ac inverter.
Presently, the inverters are normally bidirectional, and thus
edge c is considered bidirectional here.

v. The edge between the SC and the bus (edge b) can be either
unidirectional or bidirectional as shown in Fig. 9b.

First, edge b is assumed to be bidirectional and the following
analysis method can be also applied the case where the edge b is
unidirectional. With the above assumptions, there are five elements
in the adjacency matrix that are allowed to be modified. As shown
in (9), these five elements are boxed
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Fig. 9 Single-bus graph for FC generation demo system
(a) Four nodes, (b) Assumptions

0 a
00 0 [0 »
A= . )
0 0 ¢
0 b ¢ O

Since there are five elements that can be modified, the total number
of adjacency matrices that can be obtained after the modifications
is shown (10)

5
= Y G=CG+CG+CG+CG+CG+C =32 (10)

Table 4 presents these 32 adjacency matrices. The numbers marked
in red indicate that the corresponding elements are modified.
Furthermore, the path matrix for each graph can be found with

(11)

N-1
Ar= ) (A'=A4+A)+ @A), (11)
k=1

where N is the total number of nodes in the graph.

Therefore, substitute the adjacency matrices in Table 4 into
(11); the corresponding path matrices can be obtained. Based on
the path matrices, check if the corresponding graphs meet the
requirement of the system. An example is shown in (12).

0 d e a

00 0 b
A= s

00 0 ¢

0 b ¢ O

12)

0 d+ab+bce e+ac+bcd a+ ce+bd

0 0 bc b
AT:

0 bc 0 c

0 b c 0

From it, the basic paths, including from FC to G/L, from FC to SC
and from SC to FC (or G/L), are created in this graph. Therefore,
the basic requirements of the system can be met. As is mentioned
above, the element (FC, G/L) is the most concerning. From (12),
there are three paths from the FC to the G/L generated, which are
respectively via edge e, via edges a and ¢, and via edges d, b and c.
Therefore, the reliability of the FC powering the G/L is enhanced.
Also, these three paths can be found in the graph (see Fig. 10).

Following the same method, the path matrices for all 32 graphs
are calculated. Then, based on the number of paths from the FC to
the G/L, these 32 deduced graphs can be divided into five
categories. These five types of singular-bus graphs are plotted in
Fig. 11.

In category I, there is only one path from the FC to the G/L,
which is via edges @ and c. In category 11, there are two paths from
the FC to the G/L. One path is via edges a and ¢, and the other path
is either via edges a, b and f or via edges d, b, and ¢ or via edge e.
In category III, there are three paths from the FC to the G/L. One
path is via edge e. The second path is via edges a and c. The third
path is either via edges a, b, and f or via edges d, b, and c. In
category 1V, there are four paths from the FC to the G/L, which are
via edges a and c, via edges d, b and ¢, via edges d and f, and via

adaac a _h and £ In cateaaory \/ _thara ic ana mara nath addad (xia
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