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Systematic Topology Synthesis and Power
Density Visualization of Partial Power
Processing Architecture
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and Yanxuan Zheng

Abstract—DC-DC converters based on partial power process-
ing (PPP) offer the advantage of high power density and high
efficiency and are considered an attractive solution in various
systems like photovoltaic systems, energy storage systems. This
article investigates the systematic topology synthesis and power
density visualization of PPP architecture. PPP topologies overlap
significantly with existing nonisolated topologies. To enhance the
current topology synthesis approach, a synthesis method for PPP
topologies is proposed. A general expression set for voltage gain is
proposed for the convenience of studying the synthesized topologies.
A visualization scheme for the power density of the topology is
proposed for the first time. The topology synthesis method offers a
fresh perspective for systematically explaining existing topologies.
Through the visualization of topology power density, the power
density of nonisolated topologies can be quantitatively evaluated.
Nonisolated topologies can be systematically synthesized and clas-
sified from the perspective of PPP. Using the proposed power
density visualization scheme, topologies with higher power density,
known as PPP topologies, can be selected. The feasibility of the
synthesized topologies and the power density visualization scheme
are respectively validated through design and experiment.

Index Terms—Circuit topology, dc—dc power conversion,
nonisolated converters, switched mode power supplies.

I. INTRODUCTION

C-DC converters based on partial power processing (PPP)
D offer the advantage of high power density and high ef-
ficiency and are considered an attractive solution in various
systems such as photovoltaic systems, energy storage systems,
and more.

Different from full power processing, the core concept of
PPP is to allow a portion of power to pass directly from the
input port to the output port without processing [1], as shown
in Fig. 1. It was first proposed in the aerospace field [2], and
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Fig. 1. Partial power processing (PPP).

its structure was explored [3], [4], [5], [6]. Throughout, it has
been considered that the core unit of a PPP topology must
be an isolated topology because nonisolated units would be
shorted [3]. Many PPP topologies with an isolated core unit have
been proposed and studied [2], [3], [4], [5], [6], [ 7], [8], [9], [10],
[11], [12], [13]. However, in fact, the core unit of a PPP topology
can be nonisolated, only requiring it to be negative polarity. Li
et al. conducted thorough research on this issue by introducing
the concept of the VA area and demonstrated it [14], [15].

Various PPP topologies continue to be developed to meet
diverse application requirements. This raises a question: How
many such topologies exist in total? Currently, it appears that
only by inventing a systematic method for synthesizing PPP
topologies can we explore all possible topologies. This would
allow us to demonstrate that the selected topology is optimal
for a specific requirement. Zientarski et al. demonstrated the
synthesis method and the synthesized topologies of PPP with
isolated core units [10]. Li et al. stated that using buck—boost
converter as the core unit can synthesize both boost converter
and buck converter, which are PPP topologies [14], [15].

In the syntheses of general nonisolated dc—dc converter
topologies, there are also PPP topologies. Many researchers
have made considerable efforts in this regard [16], [17], [18],
(191, [20], [21], [22], [23], [24], [25], [26], [27], [28], [29].
[301, [31], [32], [33], [34], [35], [36], [37], [38]. The synthesis
methods of nonisolated dc—dc converter topologies reported in
the literature can be categorized into five main classes [35],
arranged in order from specific to abstract as follows: methods
based on circuit theorems [16], [17], [18], methods based on
combinations [19], [20], [21], [22], [23], [24], methods based
on converter cells [25], [26], [27], [28], [29], methods based
on volt-second balance [30], [31], [32], [33], [34], [35], and
methods based on topology matrices [36], [37], [38].
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1) Methods Based on Circuit Theorems: Because the topol-
ogy of converters is a special type of circuit, methods based on
circuit theorems are the most direct but also relatively limited
approach to topology synthesis. Swapping the input and output
ports of an existing topology results in a symmetric topology
with a voltage gain equal to the reciprocal of its original voltage
gain. Similarly, based on an existing topology, applying the dual-
ity principle between voltage sources and current sources results
in a dual topology. Furthermore, Wang and Yoon [18] reported
isomorphism relationship between two classes of topologies.

2) Methods Based on Combinations: The earliest combina-
torial topology synthesis method is cascading, which is a way
of connecting two two-port networks [19]. The voltage gain
of two topologies cascaded together is the product of their
voltage gains, but typically, the resulting cascade topology is
not considered as a single topology but as two separate ones. To
achieve single-stage topologies, authors in [20], [21] and [22],
[23], [24] proposed the layer and graft scheme and the reduced
redundant power processing scheme, respectively. Meanwhile,
Zhao et al. [3] formally merged switches.

3) Methods Based on Converter Cells: If, starting from a
basic unit, whether it is a topology of a converter or a part of it,
and after a series of simple and rigorous steps, it can synthesize
all existing topologies of this type of converter, then this method
can be considered a systematic approach. Since the input and
output ports of most nonisolated dc—dc converters are connected
by a single wire, the three-terminal canonical cell is commonly
regarded as a key element for synthesizing their topologies and
is widely utilized [25], [26], [27], [28], [29].

4) Methods Based on Volt-Second Balance: The volt-second
balance characteristic of inductors is typically core to voltage-
voltage-type converters. Therefore, in the past five years, this
concept has been extensively utilized for synthesizing topologies
of such converters. Based on the core concept of volt-second
balancing, more comprehensive topology synthesis methods
have been established. However, due to incomplete synthesis
steps and a lack of necessary constraints, there are topologies
that cannot be synthesized, such as superboost converter, as well
as redundant topologies [30], [31], [32]. Based on the proposed
topology synthesis methods, a relationship between voltage gain
and the volt-second balance equations has been established.
However, due to one gain corresponding to an infinite number of
equations, there are certain difficulties in selecting the optimal
topology [33], [34], [35].

5) Methods Based on Topology Matrices: Furthermore, if
topology synthesis is abstracted to a mathematical level, it
can help explain more existing topologies and synthesize new
ones. Authors in [36] and [37] reported an analytical synthesis
method based on the fundamental loop matrices. Unfortunately,
this would make the synthesis process more complex and
lead to more redundant topologies, especially for higher order
converters.

A conclusion can be drawn: overly specific methods make
the process of topology synthesis unmanageable, while overly
abstract methods can lead to topology synthesis results that are
disconnected from practical applications. Although synthesizing
topologies from voltage gain is advantageous for applications,
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the rationale behind this approach is debatable because it es-
sentially involves finding and solving a multivalued function,
which can be quite uncertain. In essence, this problem arises
due to the lack of a topology synthesis method that is both free
from redundant and infeasible topologies and simple to apply.

Throughout, high-frequency operation has been considered
the most effective means to enhance the power density of con-
verters, as it can substantially reduce the volume of inductors
and capacitors, which constitute a significant portion of the
converter’s volume [39]. However, as one of the important
criteria for topology evaluation, power density has not been
systematically studied. Power density optimization has only
been conducted for specific topologies [40]. The theory of VA
area describes the minimum power that a topology must process
at specific input and output, which represents the maximum
achievable power density [14], [15]. Zientarski et al. introduced
the concept of nonactive power, which refers to the power of
inductors and capacitors, to evaluate topologies [10], [11], [13].

This article investigates the systematic topology synthesis
and power density visualization of PPP architecture. The rest
of this article is as follows. Section II proposes a topology
synthesis method, and a general expression set for voltage
gain of topologies. Section III demonstrates the synthesis of
four categories of topologies with PPP architecture and their
respective voltage gains. Section IV achieves power density vi-
sualization by establishing the relationship between the volume
of energy storage components and the power converted by the
topology. In Section V, the voltage gain, switch voltage stress,
and power density of the synthesized 11 categories of topologies
are compared. Finally, in Section VI, the feasibility of the syn-
thesized topologies and the power density visualization scheme
are respectively validated through design and experiment.

II. TOPOLOGY SYNTHESIS METHOD, NOTATION SYSTEM, AND
GENERAL EXPRESSION OF VOLTAGE GAIN OF PPP TOPOLOGIES

In this section, a topology synthesis method based on buck—
boost converter, a converter rather than individual components,
is proposed. In addition, a notation system and a general ex-
pression set for voltage gain based on topology synthesis are
introduced.

A. Topology Synthesis Method Based on Buck—Boost
Converter

According to practical requirements, dc—dc converters with
voltage source inputs and outputs are most commonly used, and
the volt-second balance characteristic of inductors can precisely
meet this demand, as shown in Fig. 2. By alternately turning
ON and OFF switches S; and S», this topology achieves voltage
conversion, where the relationship between output voltage and
input voltage can be expressed as

Uvin'DlTs:Uout'(l_Dl)Ts (])

where Uj, and U, represent the input and the output voltages,
respectively, and D; is the duty cycle of S;, and Ty is the
switching period. However, the actions of the switches result in
discontinuous input and output currents for this topology, which
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Fig. 2. Power processing of buck—boost converter.

is not desirable in most applications and capacitors can precisely
absorb the ac component of the port current, thereby making the
port current dc. This is buck—boost converter, which also serves
as the starting point for the topology synthesis in this article.

Except for multi-input or multioutput converters, the topology
of dc—dc converters can be equivalently represented as a two-port
network. There are a total of five connections between two
two-port networks: input parallel output series, input series
output parallel, input parallel output parallel, input series output
series, and cascading. However, the first four connections are
not suitable for nonisolated topologies. They impose excessive
external constraints on the two two-port networks, resulting in
synthesized topologies that are neither positive nor negative,
topologically degenerate, or even causing the original two-port
networks to malfunction. When the lower two-port network is
replaced by a pair of wires, two of the four form PPP topologies,
as shown in steps A and B of Fig. 3. The two-port network
X is referred to as the core unit. Fortunately, steps A and B
only require negative polarity for the core unit, and buck—boost
converter happens to be suitable. The equivalent capacitor in-
dicated by the dashed lines is provided by the input and output
capacitors, so the change in the capacitor position does not affect
the static characteristics of the topology. Besides steps A and
B, which directly synthesize PPP topologies, steps C to F are
also indispensable in the synthesis process of PPP topologies,
as shown in steps C to F of Fig. 3, where step F is the important
method for single-stage topology realization. The notation for
each topology shown below steps A to E will be presented in
Section II-B, and the specific topology synthesis process will be
presented in Section III.

B. Notation System of Topologies Based on Synthesis

To clearly distinguish the synthesized topologies, a topology
notation system is used. The inductor of buck—boost converter
converts the voltage while the capacitors convert the current;
hence, its notation is CLC. For simplicity, the notations of X after
step A, X after step B, X and Y after steps C, D, or E, and X after
step F are P(X)S, S(X)P, X-Y, and X_MS, respectively, as shown
in Table I. The topology notation consists of L (inductor), C
(capacitor), P (parallel), and S (series). These letters correspond
to the inductors, capacitors, parallel points, and series points in
the topology, fully describing the structure of the topology. To
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TABLE I
NOTATION SYSTEM OF TOPOLOGIES
Topologies Notation | Simplified Notation
Buck—Boost CLC L
X after Step A P(X)S P(X")S
X after Step B S(X)P S(X*)P
X and Y after Steps C, D, or E X-Y XY’
X after Step F X_MS X'_MS

provide a more intuitive description of the topology, P(CLC)S is
replaced with C-P(LC)S, S(CLC)P with S(CL)P-C, and so forth.

Meanwhile, to more concisely reflect the characteristics of
the topology’s voltage gain, a simplified notation convention is
proposed. Since the expression for the voltage gain of a topology
is only related to inductors, the “C” of its notation is removed to
obtain the simplified one. Topologies with the same simplified
notation have the same expression for voltage gain.

C. General Expression of Voltage Gain Based on Topology
Synthesis

When the topology synthesis method is based on converters
rather than individual components, the voltage gains of the
synthesized topologies can be easily obtained through that of
CLC (buck-boost) and the six synthesis steps without listing
and solving the volt-second balance equations:

D,
Gt =
“ 1—-D
GPXS — 14 G%
GSXOP _ 1
u 1 Jr C}X

GXY =GX xGY. )
The second and third equations correspond to steps A and B,
respectively. The fourth equation corresponds to steps C, D,
or E. Since merging switches does not affect the voltage gain
of the topology, there is no equation corresponding to step F.
Interestingly, the voltage gain of cascading X after step A and
X after step B is the same as that of X:

GROOSSOOP _ (1 4 G

1 :
=GX. 3
l+ge ¥

III. TOPOLOGY SYNTHESIS

In this section, according to Section II-A, three types of
topologies, including existing and new ones, are synthesized:
based on CLC (buck-boost), based on cascading C-P(L)S-C
(boost) and C-S(L)P-C (buck), and based on cascading CLC
(buck—boost) and C-S(L)P-C (buck). According to Section II-C,
their voltage gains are easily obtained.

A. Topology Synthesis Based on CLC (Buck—Boost)

CLC (buck-boost) after step A is shown in Fig. 4. The
topology is denoted as C-P(L)S-C, also known as boost
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Ftlg' i Topology synthesis of C-P(L)S-C (boost): CLC (buck-boost) after Fig. 5. Topology synthesis of C-S(L)P-C (buck): CLC (buck—boost) after
step A. step B.

converter [41]. Its voltage gain is
Dy 1
1-D, 1-D;
Similarly, CLC (buck-boost) after step B is shown in Fig. 5,
denoted as C-S(L)P-C, being buck converter. Its voltage gain is
: )

1 _

Dy
T-Dy

GPLS =1 4 “)

GILP = ~ D

1+

Therefore, the conclusion can be drawn: boost converter and
buck converter are PPP topologies.

B. Topology Synthesis Based on Cascading C-P(L)S-C (Boost)
and C-S(L)P-C (Buck)

C-P(L)S-C (boost) and C-S(L)P-C (buck) after steps C, D,
and E are shown in Fig. 6. The differences among steps C, D,
and E lie in the positions of the intermediate capacitor. The
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Fig.6. Topology synthesis of C-P(L)S-C-S(L)P-C (original topology of Cuk),
C-P(LC)S-S(L)P-C (original topology of Zeta), and C-P(L)S-S(CL)P-C (orig-
inal topology of SEPIC): C-P(L)S-C (boost) and C-S(L)P-C (buck) after steps
C,D, and E.

+ oo +
(’vin—“_ S 1 S3 S4 Rlé (,,va,,,

A

"C-P(L)S- . -S(P-C

| I Equals

+ J_ ! S, s ! +

(,/vi, ] S 1 S4 Rl_ (/Yaut

- T l i l I l -
| I Equ

T % n

Jin Cu== J/ S RS Upu

T . I ol l -

b

Ss
*Step F: Merging Switches

+
S 1sI Sas RS Uour

- T i I l N

Fig. 7. Topology synthesis qf C-P(L)S-C-S(L)P-C_MS (Cuk): C-P(L)S-C-
S(L)P-C (original topology of Cuk) after step F.

stol

synthesized topologies are denoted as C-P(L)S-C-S(L)P-C, C-
P(LC)S-S(L)P-C, and C-P(L)S-S(CL)P-C, respectively. These
correspond to the original topologies of Cuk, Zeta, and SEPIC
converters. Therefore, their voltage gains are the same, which is
1 D

GPLS-SMP _ 1 ) 6

u 1-D, 1-D, ©)
C-P(L)S-C-S(L)P-C (original topology of Cuk) after step Fis
shown in Fig. 7. By moving S, and Ls to the bottom, S; and S

D, =
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Fig. 8. Topology synthesis of C-P[P(L)S-C-S(L)P_MS]S-C (superboost): c-
P(L)S-C-S(L)P-C_MS (Cuk) after step A.
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Fig. 9. Topology synthesis of C-S[P(L)S-C-S(L)P_MS|P-C (superbuck): c-
P(L)S-C-S(L)P-C_MS (Cuk) after step B.

have common terminals “a” and “b” with S and S4, respectively.
When S; and Sg3, as well as S, and S,4, are synchronized, the
potentials of “c” and “d” are the same in both modes. Therefore,
“c” and “d” can be connected together and S; and Ss, as well
as So and Sy, can be paralleled and merged as a single switch to
form Cuk converter. As a result of the topology after merging
switches, it can also be denoted as C-P(L)S-C-S(L)P-C_MS.
Zeta and SEPIC converters can also be synthesized through
step F, and are denoted as C-P(LC)S-S(L)P-C_MS and C-P(L)S-
S(CL)P-C_MS, respectively. The parallel merging of switches
reduces the number of them at the cost of their current stress.
Although its applicability is limited due to the negative polarity
of C-P(L)S-C-S(L)P-C_MS (Cuk), it enables itself to serve as a
core unit for synthesizing new topologies.

C-P(L)S-C-S(L)P-C_MS (Cuk) after step A is shown
in Fig. 8, denoted as C-P[P(L)S-C-S(L)P-C_MS]S, being
superboost converter. Its voltage gain is
1 DE) 1 1D ' ™

— 1 —

Likewise, C-P(L)S-C-S(L)P-C_MS (Cuk) after step B is
shown in Fig. 9, denoted as C-S[P(L)S-C-S(L)P_MS]P-C, being
superbuck converter. Its voltage gain is

GP[P(L)S S(L)PIS __ =14+

1
S[P(L)S-S(L)P]P

1+ 75—

( 1PDll )

Similarly, the conclusion can be drawn: superboost converter
and superbuck converter are PPP topologies.

= D. 8)

C. Topology Synthesis Based on Cascading CLC
(Buck—Boost) and C-S(L)P-C (Buck)

CLC (buck-boost) and C-S(L)P-C (buck) after step C and
step F are shown in Fig. 10. First, S; and S, are split into
series-connected switches, denoted as Sq1; and S1-, and So7 and
Sao, respectively. Then, S1; and Lo are moved to the bottom.
Similarly, S1; and S3 have common terminals “a” and “b” with
So1 and Sy, respectively. When the switches are synchronized,
the potentials of “c,” ““d,” and “e” are the same in both modes.



TIAN et al.: SYSTEMATIC TOPOLOGY SYNTHESIS AND POWER DENSITY VISUALIZATION OF PARTIAL POWER PROCESSING ARCHITECTURE

7]
w2
[N

|
" i_ oLl
I {-S(L)1

I | Equals

—o
—
|

U out

& :_ Su_ [ S i
Synchronously *Stcp F: Merging Switches
(3 Y
+ S1 +
Un= Sn\ S’ SZH'I Ri S Uour
l

N l I i

Fig. 10. Topology synthesis of CLC-S(L)P-C_MS (new topology): CLC-
S(L)P-C (new topology) after step F.
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Fig. 11. Topology synthesis of C-P[LC-S(L)P_MS]S-C (new topology, ex-

perimental prototype): CLC-S(L)P-C_MS (new topology) after step A.

Therefore, “c,” “d,” and “e” can be connected together and S,
and S3, as well as So; and Sy, can be paralleled and merged
as a single switch to form a new topology CLC-S(L)P-C_MS.
The series splitting and parallel merging switches reducing their
voltage stress at the cost of their current stress. Similarly, it is
also of negative polarity, making it suitable as a core unit. Its
voltage gain is
L-S(LP __ Dy _ D%
G, _1—D1XD1_1—D1' 9)
The new topology CLC-S(L)P-C_MS after step A is shown
in Fig. 11, denoted as C-P[LC-S(L)P_MS]S-C. This is another
new topology and is also the experimental prototype topology
in this article. Its voltage gain is
D3 1—D; +D?
1-D;y 1-D;y °
The new topology CLC-S(L)P-C_MS after step B is shown
in Fig. 12, denoted as C-S[LC-S(L)P_MS]P-C, which is another
new topology. Its voltage gain is
1 D2
1+ -4~ D?+1—D;
()

Gg[L—S(L)PIS 14

(10)

S[L-S(L)PIP __
Gu ( -

(11)
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Fig.12.  Topology synthesis of C-S[LC-S(L)P_MS]P-C (new topology): CLC-
S(L)P-C_MS (new topology) after step B.

Similarly, the conclusion can be drawn: topologies shown in
Figs. 11 and 12 are PPP topologies.

D. Summary

Starting from CLC (buck-boost), the topologies that can be
synthesized through steps A to F, within the range of single
inductor and dual inductors configurations, and their synthesis
paths are shown in Fig. 13. Based on their voltage gain character-
istics, these topologies are divided into 11 categories, denoted by
simplified notation. Categories with the same background color
indicate that the two categories have voltage gain characteris-
tics that are symmetrical with respect to the input and output.
Section III-A to III-C present the synthesis processes for the
topologies in categories 1, 2, 3,7, 8, and 9. During the synthesis
process, the synchronous relationships of multiple switches are
provided. Except for the topologies with existing names noted
in parentheses, all are new topologies. These 11 categories of
topologies differ not only in voltage gain characteristics but also
in PPP characteristics, power density characteristics, and switch
voltage stress characteristics, all labeled next to each category’s
simplified notation. Among them, voltage gain characteristics
are subdivided into step-up/down characteristics and voltage
gain width characteristics. Besides step-up/down characteris-
tics, these categories’ other characteristics will be compared in
Section V.

The implementation of ideal switches in a topology depends
on whether the topology operates unidirectionally or bidirec-
tionally. For topologies that operate only unidirectionally, ideal
switches with the same ON-state current direction and OFF-
state voltage direction are replaced by MOSFETs, while those
with opposite directions are replaced by diodes. For topologies
that operate bidirectionally, all ideal switches are replaced by
MOSFETS.

IV. POWER DENSITY VISUALIZATION

In this section, the relationships between the volume of energy
storage components and the power of them, as well as between
the latter and the power converted by the topology, are estab-
lished. These correlations unveil the connections between the
volume of energy storage components and the power converted
by the topology, as shown in Fig. 14. Therefore, the power
density of nonisolated topologies can be visualized, and whether
a topology is PPP is proven from the perspective of power
density.
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Fig. 14.  Establishment of relationship between the volume of inductors and
capacitors and the power converted by topology.

A. Relationships Between Volume of Inductors and Capacitors
and Power of Them

According to the analysis of CLC (buck—boost) in Sec-
tionII-A, it can be observed that the inductor converts the voltage
while the capacitors convert the current. Energy storage mode
and energy release mode of inductors alternate, and capacitors

operate in a similar manner. Hence, the power of them is

Pr= s [ ) s

L=aT, ), M

Po=11 /Ts luc(t) - ic(t)|dt (12)
¢TaoT, ), Mo\ retict

Assuming that under rated conditions, the current of the induc-
tors is continuous. Because CLC (buck—boost) and topologies
synthesized based on it only have two modes, the inductors and
capacitors in them are also in two modes. Therefore, (12) can
be simplified to

1 IL,max
PL= 4 Lein(t) - dis(t)
T I, min
11
=-—=1L (I%Lmax - I%fmin)

27,
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1 Uc max

Po = = C - uc(t) - duc(t)
T Uc_min
11

= §ic (Ué’_max - Ug’_min) . (13)

Due to material limitations, there is an upper limit on the
energy density of the energy storage medium (ESM) of energy
storage components. Therefore, it holds that
1 Br2nax
5 Vi _Esm

I

1
iLI%_max S

1
2
where Vi, psa and Vo ggas are the volumes of the ESM for
inductors and capacitors, respectively.
Combining (13) with (14), it can be obtained that

I, max 2
24 IL min

fsBI%lax (IL_Inax>2 1

1
CUé’_max < §€E12naxVC_ESM (14)

Pr,

Vi_ESM_min =
Iz min
U max )
2 Uc_min
2 )
fsEEmaX (Uc,max) -1

C_min

VC'_ESM_min - PC. (15)

Therefore, the power of energy storage components is directly
proportional to the minimum volume of their ESM. Moreover,
due to the significant contribution of the ESM’s volumes to
the components, the volumes of energy storage components are
positively correlated with the power of them.

B. Relationship Between Power of Inductors and Capacitors
and Power Converted by the Topology

For simplicity, the power of inductors and capacitors in a
topology X is represented as

Pr=>"Pf, PE=> PY, (16)

The power of the input capacitor also needs to be consid-

ered [42]. Applying (13) to CLC (buck—boost), it can be obtained
that

11
CLC _ _ 2 2
Pconv - UZnIln - §iL (IL_max - IL_min)
PCLC:PLZELL(IQ — I} in)
L 2 Ts L_max L_min
lim PS8 = lim (Poi+ Pco)
A’LL/IL*}O A’LL/ILHO
11
= §iL (I%fmax - Il%fmin) > (17)
where PSLC represents the power converted by CLC (buck—

boost), assuming its efficiency is 100%. Therefore, the power
converted by CLC (buck—boost) equals the power of its inductor
and also equals that of capacitors, under the condition of the
inductor current ripple approaching zero:

CLC _ pCLC __ . CLC
PconU_PL - _hm PC .
A’LL /IL —0

(18)

However, under the rated operating conditions of practical
converters, Aiy, /Iy, is typically around 20%, which results in
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Fig. 15. Increase in the power of capacitors in CLC (buck—boost).
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Fig. 16.  Five types of external requirements and four types of internal topolo-
gies.
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Fig. 17. Interpretation of VA area using step-down requirement as an example.

an increase in PS-C, as shown in Fig. 15. It can be observed
that an increase in inductor current ripple leads to varying
degrees of increase in Pgl‘c outside the region where Aiy, /I, <
2Dq, Aip, /I, < 2(1 — Dq),and Aiy, /I, > 0, especially when
Air /I, approaches 200%. Nevertheless, fortunately, when
Aip, /I, equals 20%, the proportion of PS¢ to PSLS increases

by up to 2.5%. Therefore, (18) can be rewritten as
pCLC

conv ( 1 9)

For other topologies, more complex scenarios need to be con-
sidered: internal topologies must meet external requirements.
Fig. 16 shows five types of external requirements and four types
of internal topologies, with input and output ports linking the
internal and external aspects, and feasible combinations are also
listed. The VA area theory proposed by Li et al. can effectively
explain the positive polarity, negative polarity, and isolation in
external requirements [14], [15], as shown in Fig. 17. The areas
of the green and red rectangles represent the input and output
power, respectively, where the arrow indicates current direction

_ pCLC . pCLC
=P~ FPs |AiL/IL§20%'
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TABLE II
VOLTAGE GAIN, MAXIMUM SWITCH VOLTAGE STRESS, AND POWER PROCESSING PROPORTION OF THE 11 CATEGORIES OF TOPOLOGIES
Category Simplified Notation Voltage Gain, G, Maximum Switch Voltage Stress, Vs_max Power Processing Proportion, Kpower
} D 1y
1 L; P(L)S-S(L)P b 1=p7 Vin 1
2 P(L)S; P[P(L)S-S(L)PIS = 1=p7 Vin Dy
3 S(L)P; S[P(L)S-S(L)P]P Dy Vin 1— Dy
T
-3 Vin OF
4 P(L)S-L D (1-Dyp% 7 14 Dy
(1-D1) max{l7 = D1 7= D Vin (MS)
D?—Dy+1 : Di(D1+1)
5 P[P(L)S-L]S Ao max {1, 2 } =57 Vin B Ee
Dy 1-D, : (D1+1)(1=D1)?
6 S[P(L)S-LIP DZ—Di+1 max {1’ by D%—Dﬁ-lv”l DZ-D,+1
_ 1
Vin, or
D? 1—D; Vin
7 L-S(L)P L ) 2-D
“ h max {1, 1 Ph; } Vin (M) '
DZ—Di+1 D D7 (2—Dy)
8 PIL-S(L)PIS e max {1, 25} Vin e
D? 1-D; (1=D1)(2=D1)
9 SIL-S(L)P]P e e max {1, 2 D1 FP Vin Lt
1 g
10 P(L)S-P(L)S =L m Vin 2D1
11 S(L)P-S(L)P D? Vin 2(1 — Dy)
and the thicker bar indicates higher voltage. VA area divides the Sxp « GLX
power converted by a topology X into two parts: the overlapping KSOF = Kwer i
area represents the direct power, and the nonoverlapping area Gu
represents the differential I X-Y X Y’
epresents the differential powe Kpower Kpower + Kpower' (24)

Pc)(()nv - Pd)i(r + Pji(ff' (20)
The former is the power that the topology can choose not to
process, while the latter is the power that the topology must
process at least. Clearly, only positive polarity external require-
ment can generate Py, as shown in steps A and B of Fig. 3, and
correspondingly, the power converted by the core unit is Pjf.
Therefore, the power processed by a topology is not always equal
to the power converted by it.

For the topologies composed of CLCs (buck—boost) in Sec-
tion III, the sum of the power converted or processed by CLCs
(buck-boost) is defined as the indirect power, and combined with
(19) yields

P,

X . pX
1nd1r_PL NPC'|AiL/IL§20% (2D
and the minimum value of the indirect power of the internal

topology is the differential power of the external requirement:

Pdlff = min { mdlr} . (22)
The power processing proportion can be defined as
X
K;E)wer - ﬁ;;dlr (07 +OO) (23)

conv
It describes the proportion of the power processed by a topology
X to the power converted by it. So if there exists a G, such that
Kpower 1s less than 100%, then the topology is PPP; otherwise,
it is not.

Similarly, like voltage gain, the power processing proportions
of the synthesized topologies can be easily obtained through that
of CLC (buck-boost) and the six synthesis steps without listing
and solving the equations:

L —
K power 1
GX
PX")S __ X’ U
K power = K power

L+ Gy

The second and third equations correspond to steps A and B,
respectively. The fourth equation corresponds to steps C, D, or
E. Since merging switches does not affect the power processing
proportion of the topology, there is no equation corresponding
to step F.

It is worth noting that the increase in the power of capacitors
in the topologies shown in Fig. 13 is within 5%, provided
that Aiy, /I, is within 20%, except for C-P[P(L)S-CL_MS]S-C
and C-S[LC-S(L)P_MS]P-C, which can reach up to 38%. The
unusually high proportion of Pc in these specific topologies
is due to energy exchange between the capacitors within this
particular architecture. But due to the much higher power density
of capacitors compared to inductors, the increase in P has a
negligible effect on the power density of the topology.

When comparing the power density of different topologies,
the following variables should be consistent for both topologies:
switching frequency, ESM of the inductor (magnetic permeabil-
ity and maximum magnetic flux density), ESM of the capacitor
(dielectric constant and maximum electric field strength), induc-
tor current ripple ratio, capacitor voltage ripple ratio, as well as
topology power and input—output voltage. Under these condi-
tions, the inductance and capacitance values for each topology
are determined. This process is embedded in the power density
visualization scheme using Kpower-

V. VOLTAGE GAIN, SWITCH VOLTAGE STRESS, AND POWER
DENSITY OF SYNTHESIZED TOPOLOGIES

Based on (2) and (24), the voltage gains and power process-
ing proportions of the eleven categories of topologies can be
obtained, as shown in Table II. Their maximum switch voltage
stress is also listed. According to Section IV, it can be concluded
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Fig. 18.  Power processing proportion Kpower Of the 11 categories of topologies
at different voltage gains.

that the power density of a topology is primarily determined
by its Kpower- Fig. 18 shows the power processing proportions
of the 11 categories of topologies at different voltage gains.
At the same time, the power density of the topologies is also
visualized. The solid curves, dashed curves, and dotted curves
represent step-up topologies, step-down topologies, and step-up
and step-down topologies, respectively. The former two are PPP
while the latter is not and both former two are positive polarity,
according to Fig. 17. Curves 2 and 3 describe Py for the positive
polarity external requirement, and the shaded region represents
the unattainable region for any nonisolated converter

1-GX, GX¥<1
K;‘ > woTu = (25)

ower = 1*6%7 GX > 1.
Therefore, the Kower 0f these two types of topologies is lowest,
and the power density is highest.

However, the topologies with higher Ko are not without
merit. This will be explained below, taking step-up topologies
as an example. The curves are thicker for Dy € (0.1, 0.9) while
thinner for D; € (0,0.1) U (0.9, 1). Categories 5 and 10 have a
wider range of G, compared to categories 2 and 8, within the
same range of D1; however, the switch voltage stress of category
8 is lower than that of category 2.

VI. VERIFICATION

In this section, the feasibility of the power density visualiza-
tion scheme and the synthesized topologies is verified through
design and experiment.
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Fig. 19.  Circuit of experimental prototype.

Fig. 20.

Experimental prototype.

A. Design Verification

Taking the step-up scenario as an example, representa-
tive topologies are selected from categories 2, 5, 8 and 10,
and converters are designed under given conditions. The vol-
ume of ESM is calculated according to (15), and the re-
sults are shown in Table III. The given conditions are as
follows: U;,, = 100 V, G, = 4, P =1 kW, fs = 100 kHz,
Air /I, =20%, p, =40, Byax = 0.15 T, Auc /Uc = 0.1%,
er = 12.9, Fax = 900 V/pm. The last column indicates that
for different topologies, Kpower is directly proportional to the
volume of ESM, with the 136 cm? being due to calculation
errors. Thus, Kyower can effectively represent power density,
validating the analysis in Section IV.

B. Experimental Verification

According to Section V, the topology C-P[LC-S(L)P_MS]S-
C of category 8 has both lower switch voltage stress and higher
power density. Therefore, it is chosen for experimental verifica-
tion to validate the feasibility of the synthesized topologies, as
shown in Fig. 11.

According to Section III-D, ideal switches are implemented
using MOSFETs and diodes. The circuit is shown in Fig. 19, and
the experimental prototype is shown in Fig. 20. The parameters
are listed in Table I'V.

The key waveforms for 320 and 480 V input voltages are
shown in Fig. 21, where upg12 and upg113 are the drain-source
voltages of the MOSFETs and ¢r; and ¢7o are the currents
of the inductors. The OFF-state voltage of both the MOSFETs and
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TABLE III
DESIGN AND VOLUME OF ESM FOR FOUR REPRESENTATIVE STEPUP CONVERTERS

Representative Topology | Category Dy K power L C Vi Bsm + Ve Bsu w
pover

C-P(L)S-C (Boost) 2 0.750 | 0.750 375 uH Zg'g ZII:: 102 cm? 135cm3
77 uh | A2 HF

C-P[P(L)S-CL_MS]S-C 5 0.566 1.17 1130” H| 142 uF 158 cm? 135cm3
PR 354 uF
157 uF

C-PILC-S(L)P_MS]S-C 8 0.791 0.907 417 pH g5 3 uF 123 cm?® 136 cm3
(Experimental Prototype) 1250 uH 1.60 uF
250 uH | 250 HF

C-P(L)S-C-P(L)S-C_MS 10 0.500 1.00 i 000“ q| 13LuF 135 cm? 135 cm?
MR 313 uF

TABLE IV 100% . - . : . .

PARAMETERS OF THE EXPERIMENTAL PROTOTYPE

99% -*_-*//*\*\* |
Item Detail Item Detail

98%r 1
Un | 320480 V fs 100 kHz -

U 500 V S12, S11: SCT3060AL 7% 1
out 12 113 V. =320V
Pout 1 kW D22, D214 | CI30S65D3L2 96% | m i

° —— V. =480V
Cl 56 ,uF><2 in
Ly 997 uH
L 508 uH Cas 56 uFx3 . I . | ] |
2 s Cy 15 uFx2 300 400 500 600 700 800 900 1000
P /W
out
TekiEi I E 1 s
320V Fig.22.  Output power versus efficiency of the prototype.
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(b)

Fig. 21. Experimental waveforms of ups 12, ¢1, 1, Ups 113, and i, 2 at
500 V output voltage. (a) 320 V input voltage. (b) 480 V input voltage.

the diodes is lower than the output voltage of 500 V, validating e
the analysis in Section V. @D 10/5/18 05:07:47 AM E:0.95 BG:22.0 T:100%
The efficiency curves, thermal images, and loss breakdown (b)
comparisons under two input voltages are shown in Figs. 22,
23, and 24, respectively. Based on the conclusion of Section IV,  Fig.23. Thermal images with fan at 1 kW. (a) 320 V input voltage. (b) 480 V
K power 0f this topology at input voltages of 320 and 480 V is 53%  input voltage.
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Fig. 24.

and 7.2%, respectively. Therefore, compared to the former case,
the prototype achieves higher efficiency and lower temperature
in the latter case, with a maximum efficiency of 98.99%.

VII. CONCLUSION

This article investigates the systematic topology synthesis and
power density visualization of PPP architecture. PPP topolo-
gies overlap significantly with existing nonisolated topologies.
To enhance the current topology synthesis approach, an in-
depth investigation is conducted into the relationships among
existing nonisolated topologies. A synthesis method for PPP
topologies is proposed, which starts with CLC (buck—boost)
and proceeds with six steps. Four categories of topologies with
PPP architecture, including existing and new ones, are synthe-
sized, such as C-P(L)S-C (boost), C-S(L)P-C (buck), C-P[P(L)
S-C-S(L)P_MS]S-C (superboost), C-S[P(L)S-C-S(L)P_MS]P-
C (superbuck), and new topologies based on CLC-S(CL)P-C,
etc. A general expression set for voltage gain is proposed for
the convenience of studying the synthesized topologies. By
establishing the relationship between the volume of energy
storage components and the power converted by the topology,
a visualization scheme for the power density of the topology
is proposed for the first time. The topology synthesis method
centers on a converter rather than individual components. This
ensures the avoidance of redundancy or degradation in the topol-
ogy, offering a fresh perspective for systematically explaining
existing topologies. The synthesized new topologies possess
advantages such as high power density, low switch voltage stress,
and wide range of voltage gain. Through the visualization of
topology power density, not only can PPP be clearly defined,
but the power density of nonisolated topologies can also be
quantitatively evaluated.

Based on the academic contributions of this article, noniso-
lated topologies can be systematically synthesized and classified
from the perspective of PPP. Using the proposed power density
visualization scheme, topologies with higher power density,
known as PPP topologies, can be selected. Finally, the proposed
power density visualization scheme is validated by designing
four PPP topologies. The feasibility of the synthesized PPP
topologies is confirmed through the experimental prototype of
C-P[LC-S(L)P_MS]S-C.
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