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The Harmonically Partitioned Power Converter
Architecture: Single-Stage Single-Phase ac/dc Power
Conversion Using Bidirectional Switches

Jacob Ryan Anderson

Abstract—This article proposes a novel single-stage single-phase
ac/dc power conversion architecture called a harmonically parti-
tioned power converter (HPPC). The HPPC leverages bidirectional
switches (BDSs) to directly modulate the ac line voltage and en-
forces a harmonically partitioned loading network, resulting in au-
tomatic unity power factor, complete power pulsation decoupling,
continuous gain variation, and galvanic isolation within a single
conversion stage. This architecture provides a substantial oppor-
tunity for miniaturization and performance advances to all single-
phase ac/dc power converters with power factor requirements on
the ac port. The HPPC enables miniaturization by relegating all
magnetic components to a high frequency ac tank and by operating
the buffer capacitor at a port with no dc voltage regulation require-
ments. Further, the conversion is achieved in a single stage, elimi-
nating the efficiency penalty traditionally suffered by single-phase
ac/dc converters which achieve these functionalities via individual
conversion stages processing the entire power throughput sequen-
tially. The article introduces the principle of operation of the HPPC,
derives the high level governing equations of the architecture,
and presents design equations for a simple ‘“‘single-branch” imple-
mentation of the general architecture. An experimental prototype
utilizing anti-series connected GaN HEMTs to emulate monolithic
BDS devices is presented and validates the operating principles and
modeling for a single-branch implementation with the following
specifications: V;, = 120 V s, fz = 60Hz, V, = 250 V4,
Po = 250 W, and fHF = 210kHz.

Index Terms—Monolithic bidirectional switch (MBDS), power
pulsation decoupling, single-phase ac/dc power converters, single-
stage power conversion.

I. INTRODUCTION

INGLE-PHASE ac/dc power electronic converters with
S power factor requirements (e.g., via IEC61000-3-2 current
emission standards [1]) are ubiquitous in the modern electrical
landscape. Fig. 1 illustrates a block diagram overview for a
typical single-phase ac/dc power converter employed today. This
converter contains the following.
1) A diode bridge to rectify the input ac line voltage.
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Fig. 1. Block diagram overview of a typical single-phase ac/dc power con-
verter illustrating standard voltage and power progressions for unity power factor
operation.

2) An EMI filter used to prevent high frequency switching
content from propagating into the ac port.

3) A front-end power factor correction (PFC) converter,
which regulates the input current to be sinusoidal and
in-phase with the ac input voltage (for unity power factor).

4) A dc link energy buffer capacitor, which decouples the
front-end converter and the isolated dc/dc converter. The
front-end converter, typically a boost converter, regulates
this voltage around some nominal value. This buffer sinks
the instantaneous second line-frequency harmonic power
being pulled from the input source (e.g., by sinking a line-
harmonic current) and is sized to minimize voltage ripple
and be nominally dc.

5) Anisolated dc/dc converter which regulates the dc output
voltage and provides requisite galvanic isolation.

There are two fundamental issues which limit the performance

and miniaturization of these converters today.

1) Multiple power conversion stages are necessary to achieve
the required input PFC, output voltage regulation, and
system isolation.

Since each of the conversion stages process the entire power
throughput sequentially, the efficiency of the converter is mul-
tiplicative and incurs a substantial penalty. This often inhibits
very high overall conversion efficiencies [2]. For example, if the
diode rectifier, front-end converter, and dc/dc converter have
extremely high efficiencies of 7,ec = 99.5%, Npre = Nac =
98.5%, respectively, the overall conversion efficiency is 7 =
NrectMpfeNde = 96.5%. There are many PFC converters in use
today [3] and it has become commonplace to employ “bridge-
less” PFCs, which combine the diode rectifier and PFC converter
into a single stage [4]. Here, the inductor is placed on the ac side
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of the bridge and two rectifier devices are typically replaced with
controllable switches (e.g., MOSFETs). This integration enables
fewer switching devices to be used which can improve efficiency
and cost, but still incurs the multiplicative efficiency penalty
associated with the dc/dc conversion stage, which is not inte-
grated into the bridgeless PFC. While single-stage single-phase
switched-mode ac/dc converters have gained significant interest
in recent decades [5], [6], [7] (see Sections III-B and III-C for
a more comprehensive discussion), these solutions generally
require complex control and increased device stresses while still
imposing constraints on energy buffer miniaturization.

2) The energy buffer capacitor linking the PFC and isolated
dc/dc converter stages is oversized owing to the conflicting
requirements of buffering twice-line harmonic power and
minimizing the voltage ripple experienced by the dc/dc
stage.

For an ac/dc converter operating with unity power factor at

the ac port, the instantaneous power flow is

Pac(t) = Vae(t) - Gac(t) = Pac[l — cos(2wyt)] (1

where P,;. = Vg2/ 2R, Vy is the amplitude of the sinusoidal
voltage, R, is the effective resistance loading the ac port, and
wg = 2w fgy is the ac angular frequency. Thus, dc and second
line-harmonic power is drawn. The peak swing in second line-
harmonic stored energy E¢, is found by integrating (1) as
Ec, = Pj./wg, where the subscript denotes the assumption of
a capacitor C'p buffering this time-varying power component.
The capacitor C'p is also tasked with maintaining a nominally dc
voltage to avoid over-stressing and to ensure high efficiency in
the following dc/dc conversion stage [8]. As a first-order approx-
imation, the required buffer capacitance to meet an allowable
ripple ratio on the dc link R = vy /Vye [4] is

CB ~ 2Pdc _ 2ECB ,ripple
ng VdQC Vd2c
where V. is the nominal dc bus voltage and E¢, ripple 1 the
peak energy stored by this capacitor which is sized for the ripple
requirement. Note that this value is 1/R times larger than the
energy buffering requirement E¢,, where R < 1. Thus, the
dc link capacitor is massively oversized to meet the voltage
ripple requirement compared to what is needed to achieve unity
power factor (which we call its “true minimum” energy storage
requirement). For example, assuming a standard bus voltage
of V4. =400V, and for the operating specifications experi-
mentally validated in this article, Py, = 250 W, R = 5.67%,
wg = 27 - 60, the minimum capacitance to meet the ripple re-
quirement would be Cz = 146.2uF. A substantial opportunity
for miniaturization of this capacitor is to move it to a port with
no dc voltage regulation requirements [9], where for the same
specifications and R = 100% the required buffer capacitance is

C B = 46MF.

There has been a considerable amount of work in the literature
to miniaturize the buffer capacitor through power pulsation de-
coupling [10], [11], [12]. Active energy buffers (AEB) [13], [14],
[15], [16], [17], [18] reduce buffer capacitance by separating
the energy storage and voltage regulation functions through
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placement of the capacitor at a port which can sustain wider
voltage swings (i.e., increasing the allowable ripple ratio R).
The reduction in buffer capacitance for these solutions typ-
ically comes with an increase in component voltage stress,
complexity, or a net efficiency penalty. The stacked switched
capacitor (SSC) buffer [19], [20], [21], a type of AEB, has
shown impressive power density but suffers from discrete gain
operation and the requirement of a large number of capacitors
and switches whose auxiliary circuitry can undermine the goal of
miniaturization. Another interesting method to reduce the size of
the energy buffer capacitor is the harmonic injection technique,
which purposely draws line harmonic currents and reduces the
power factor [22], [23], [24]. This decreases the required twice-
line frequency energy buffering but is fundamentally limited
by the allowable input current harmonics specified by, e.g.,
IEC61000-3-2. Research and development has largely revolved
around the general conversion architecture shown in Fig. 1,
where multiple conversion stages are necessary and the energy
buffer capacitor performs some degree of voltage regulation. An
ideal architecture for miniaturization of these converters while
maintaining high efficiencies would instead be a single-stage
power converter which fully decouples the energy buffer capac-
itor from any port with dc voltage regulation requirements and
which can achieve unity power factor, galvanic isolation, and dc
voltage conversion within this single conversion stage.

This work proposes a novel single-stage power conversion
architecture, called a harmonically partitioned power converter
(HPPC), which overcomes the bottlenecks to miniaturization de-
scribed in this section. The proposed architecture fully leverages
emerging (and soon to be commercially available) monolithic
wide bandgap bidirectional switches (BDSs). These devices are
four-quadrant switches: they block bipolar voltage when OFF and
can sustain bidirectional current when ON. Their monolithic inte-
gration in GaN enables for the first time a means of implementing
BDSs in a fast-switching, scalable, and relatively low-cost form
factor [25], [26], [27], [28], [29], [30], [31], [32], [33], [34], [35],
[36], [37], [38]. Our HPPC architecture leverages this capability
to achieve automatic unity power factor, true minimum energy
storage buffering, and gain variation with energy exchanged in a
high frequency ac tank instead of through a dc link. This removes
the requirement for a front-end PFC converter or a dc/dc stage,
realizing single-stage power conversion and permitting maxi-
mum miniaturization of the energy storage buffer capacitor. Zero
Voltage Switching (ZVS) and Zero Current Switching (ZCS) of
the BDS devices is also achievable in certain realizations of the
architecture. This article focuses on a specific implementation
of the HPPC, called the “single-branch” implementation, to
verify the theory of operation. This is selected due to its relative
simplicity and its structural similarity to converters the reader
may already be familiar with, such as the LLC converter. The
described single-branch implementation requires variable pas-
sive components or a variable turns ratio transformer [39], [40],
[41], which represents a unique but tractable design challenge
for this implementation. However, we emphasize that this need
for variable components is not fundamental to the general HPPC
architecture itself.
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Fig. 2.

Single-branch HPPC implementation using a full-bridge BDS inverter,
BDS inverter active capacitive energy buffer with inductive cancellation, and a
high frequency transformer diode rectifier combination.

The rest of this article is organized as follows. Section II
describes in detail a specific “single-branch” implementation
of the architecture and is a relatively simple to implement
realization that aids in communicating our HPPCs idea but
which is also only modestly performing. Section III describes an
experimental prototype of this single-branch realization which
uses anti-series unipolar GaN HEMTs to realize the BDSs. This
prototype validates the operating theory of our architecture and
this section also includes a comparison between our work and
other single-stage single-phase ac/dc converters proposed in the
literature. Section I'V introduces the general HPPC architecture,
focusing on its high-level governing equations and the general
principles of its operation to achieve unity PFC, gain control, iso-
lation, and true-minimum energy buffering. Section V discusses
several practical considerations of the HPPC and Section VI cov-
ers future improvements and innovations. Finally, Section VII
concludes this article.

II. A SINGLE-BRANCH HPPC IMPLEMENTATION

In this section, we describe one example implementation
of the HPPC which has a relatively simple practical realiza-
tion and is particularly beneficial in conveying the operating
characteristics of the architecture. This realization, shown in
Fig. 2! and referred to as an example of the “single-branch”
architecture, demonstrates the salient benefits of automatic unity
power factor, true minimum energy storage, continuous gain
variation, and galvanic isolation. The primary disadvantage of
this implementation is that the BDS devices S1—5, only achieve
soft switching throughout half of the line cycle. It will be shown
in Section IV that by adding an additional branch in parallel,
which we call the “dual-branch” variation, the BDS devices can
achieve ZVS throughout the entire line cycle. The sections that
follow provide a mathematical derivation of the HPPC design
equations, making use of several trigonometric identities which
are listed in Table I.

"The reader may recognize a similarity between this implementation and
the popular LLC or Dual Active Bridge (DAB) converters. This is intentional,
building on the popularity and high performance of these topologies, but it is
emphasized that this is only one implementation of the single-branch HPPC and
of the larger general HPPC architecture described in Section IV.
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TABLE I
LiST OF TRIGONOMETRIC IDENTITIES

ID Trigonometric Identity
#1 | sin(A)sin(B) = %[cos(A — B) —cos(A + B)]
#2 | cos(A)cos(B) = %[COS(A + B) + cos(A — B)]

#3 cos?(A) = %[1 + cos(2A4)]
#4 | cos(A)sin(B) = %[sin(A + B) —sin(A — B)]
#5 sin(A — 90°) = — cos(A)
#6 cos(A —90°) = sin(A)
m(t)
1d ——
SZ,4
S23 / n+yY
0 t 3 t wt
VJ T—Y w 14 o
-1+ Sl,3
Fig.3. Square wave modulation command for the main BDS inverter switches

S1-S4. The angle 1) defines the length of “zero states” where the output of the
main BDS inverter is short circuited. This angle is easily implemented by phase
shifting two sets of 50% duty cycle complementary gating signals an angle v
from one another.

A. Square Wave Modulation: The BDS Inverter

The full-bridge configuration of BDS devices S1—S4, which
will be called the “main” BDS inverter for the remainder of this
document, directly interface the ac port and are controlled as
shown in Fig. 3. While there are many possibilities for modulat-
ing the ac voltage, this particular control sequence describes the
familiar square wave modulation [4], where the function m/(t)
describes the modulation command and is assumed to repeat
cyclically at a frequency wpr > wy. The switching sequence
shown in Fig. 3 ensures the minimum number of switching
transitions per cycle and balanced conduction intervals such that
loss is distributed evenly between the devices.

Since the modulation command represents a periodic signal
obeying the Dirichlet conditions, it may be described by an
equivalent Fourier Series Representation (FSR). Noting that
Fig. 3 represents an odd and half-wave symmetric waveform,
it may be written in terms of its FSR as

m(t) = Z ap, sin(nwy pt) (3)
n=odd
) Tur
ap = —/ m(t) sin(nwgpt)dt. 4
Tur Jo
Solving (3) and (4) for m(t) gives
m(t) = n:ZOdd % cos (n) sin(nwg pt). ®)
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The main BDS inverter output voltage can then be written as

v F(t) = vin(t) - m(2)
= Z % cos () sin(w,t) sin(nwppt).  (6)

n=odd
Using ID #1 from Table I gives

o]

vgr(t) = Z %cos(nw)

n=odd
X [cos((nwpp — wy)t) — cos((nwrp + wy)t)]. (7)

Equation (7) is representative of the familiar result found
in AM radio [42], where the modulation (multiplication) of a
low frequency “message” signal and a high frequency “carrier”
signal results in sideband harmonic generation around the high
frequency carrier. For the square wave modulation considered,
there exists an infinite set of carrier signals which correspond to
the harmonic content of the wy r square wave shown in Fig. 3
(odd nth harmonics of 1/n type descending amplitude). It is
this harmonic content that generates the infinite set of sideband
harmonics described by the summation in (7). If L, and C.
are designed to resonate at the fundamental carrier frequency
wpgp with a high quality factor, the Fundamental Harmonic
Approximation (FHA) may be employed (n = 1) such that the
main BDS inverter output can be approximated as

2V,

vr(t) — cos () [cos((wrr—wgq)t) — cos((war+wg)t)].

(®)

The BDS inverter can therefore be thought of as having inserted
two voltage components to the rest of the system

v (t) = % cos(1h) cos(wrr — w,)t) ©)
vy () = —% cos() cos((wir +wg)t)  (10)

where the — and + subscripts denote the negative and positive
sideband, respectively. For the remainder of this analysis the
individual sideband harmonics will be treated separately.

The amplitude of the sideband harmonics is directly propor-
tional to the fundamental amplitude of the modulation command
m(t), which is often denoted as M, and is seen from (5) to be

M) = %cos(w).

The zero state angle v is observed to be a control variable
enabling gain variation of the generated sideband harmonic
amplitudes. It will be shown in Section II-E that this gain
variability is one means of controlling the dc output voltage.

(1)

B. Instantaneous Power Flow

The main BDS inverter and resonant bandpass filter combine
to insert a single pair of sideband harmonic voltages centered
around the switching frequency wp . As shown in Fig. 2, these
voltage harmonics are to be partitioned such that v_ is dropped
across a load consisting of the output of an additional BDS
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inverter in series with an inductor Lo and v is to be dropped
across the primary terminals of the N, : N, transformer. For
reasons that will be explained shortly, the loads maintaining
v_ and v, are called the “orthogonal” and “direct” loads,
respectively. Momentarily neglecting how the voltages v_ and
vy are physically regulated, it is instructive to mathematically
demonstrate how this system completely partitions dc and 2w,
instantaneous power flow while drawing current that enables
unity power factor operation (e.g., 60 Hz plus higher frequency
switching harmonics).

It is first assumed that only resistively loaded positive side-
band harmonic current flows in the tank, or iy p = i1 = v4 /R,,
where the resistance R, is to be defined shortly. This current
flow can be shown to respect the conditions for unity power
factor operation mentioned above. Referring to the sideband
harmonic voltages (9) and (10), the instantaneous power flow
at the orthogonal load can be written as

polt) =v-(0) i 1) = 200
vz
iy (¥) cos((wpp — wy)t) cos((war + wg)t).
(12)
Using ID #2 from Table I, (12) results in
2V 2
Po(t) = —71_2}9% COSQ(’(/J)[COS(2OJgt) + cos2wprt)]  (13)

Similarly, the instantaneous power flow at the direct load can be
written as

; 4‘/572 2 2
Palt) = v4.(8) 14 (t) = =L cos () cos*(wirr +wy)t).
(14)
Using ID #3 from Table I, (14) results in
A
pa(t) = oy oS (V)1 + cos(2(wrr +wy)t)].  (15)
(&

Equation (13) shows that the orthogonal load processes only
2wg and 2wy p power, while (15) shows that the direct load
processes only dc and 2(wgp + w,) power. While both loads
process an unwanted high frequency power component, these
harmonics can be easily accommodated by the EMI filter and
relatively small output filter capacitors. The main takeaway from
the above derivation is that there is complete partitioning of the
dc and 2w, power in the system. Therefore, the buffer capacitor
C'p operating at the orthogonal load port may have no dc voltage
regulation requirement and true minimum energy storage sizing
while still respecting conditions for unity power factor operation
and low dc output voltage ripple.

The specific power partitioning which occurs is clearly de-
pendent upon which sideband harmonics are interacting at the
port of interest. For example, it is seen that when the negative
and positive sidebands interact, the power flow at that port is 2w,
plus higher order harmonics. Similarly, when the sidebands of
interaction at the port are both positive, the power flow at the port
will be dc plus higher order harmonics. The controlled mixing
of sideband harmonics allows full power partitioning in the
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converter and it is in this spirit that the names “orthogonal” and
“direct” have been chosen for the harmonically partitioned loads.
The “orthogonal” load represents the non-dc-power-processing
element, and is called this to reflect that it inserts a voltage at a
different frequency from that of the current in the branch (e.g.,
in Fig. 2, v_ and i, have different frequencies). The “direct”
load represents the dc-power-processing element, and is called
this to reflect that it inserts a voltage at the same frequency as the
current in the branch (e.g., in Fig. 2, v; and 7 have the same
frequency).

C. Direct Load Implementation

The direct load shown in Fig. 2 consists of an N, : N, trans-
former connected through a full-bridge diode rectifier to a load
Ry in parallel with a filter capacitor> C,. As in a conventional
LLC with a full-bridge rectifier connected to the secondary of an
N, : Ny transformer operating with a sinusoidal input current
and a dc output voltage, the load resistance R, can be mapped to
the primary side of the transformer as an effective resistance [43]

as
8 (N,\?
Re == ﬁ (M) RL.

If the orthogonal load properly maintains a voltage v_ (t), then
by Kirchhoff’s Voltage Law (KVL) the voltage across the direct
load must be vy (¢). By Ohm’s Law, the current through the
branch must then be iy (t) = v (t)/R.. With these conditions
satisfied, the power flow will respect that described in Sec-
tion II-B. The fundamental design goal for this implementation
is therefore to ensure that the orthogonal load maintains the
desired voltage v_(t).

(16)

D. Orthogonal Load Implementation

For the particular implementation of the single-branch archi-
tecture described in this article, the orthogonal load is designed
to maintain a voltage of v_(t). The orthogonal load as shown
in Fig. 2 comprises a “buffer” capacitor C'z placed behind an
additional BDS full-bridge inverter and a series “orthogonal”
inductor L. As will be discussed in more detail, the capacitor
and inductor are so named because their exclusive functionalities
are to buffer the twice-line frequency power mismatch and to
cancel an orthogonal voltage component inserted by the buffer
BDS inverter. For the remainder of this document, the BDS
full-bridge inverter associated with the orthogonal load will be
called the “buffer” BDS inverter.

1) Terminal Relationships for 2wy Buffering: It is necessary
to find terminal behavior which allows the buffer capacitor to
instantaneously process only the entire 2w, power mismatch
between the ac and dc ports. Consider that the buffer capacitor
maintains the following voltage across its terminals:

vey (1) = Vasin(wgt + o) (17)

2It is important to note that because the twice-line frequency power will be
entirely processed by the orthogonal load, the output capacitor C, is imple-
mented with the sole intention of filtering high frequency switching content
from propagating into the dc port. As this capacitor does not partake in any 2w,
power buffering its size can be very small.
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where V4 and « are the amplitude and phase of the capacitor
voltage, respectively. These values are considered arbitrary and
the phase « is referenced to that of the input voltage, which is
taken to be 0°. From the constitutive relationship for a linear
capacitor ¢ = C' - dv/dt, the instantaneous power processed by
the buffer capacitor is found as

. dve, (t
P (1) = vey (1) ey (1) = vy (1) - 05 2 1g)
Integrating (17) and plugging the result into (18) gives
pog (1) = w,CpVisin(w,t + @) cos(wyt + a). (19)

Using ID #4 from Table I, choosing o = —45°, and using ID #5
from Table I, (19) reduces to

Wy C B Vj

2
Comparing this expression to that of (1), it is seen that the buffer
capacitor will process the correct 2w, power during unity power
factor operation if the following relationship holds

Wqg C B Vj ( 1 )
2
Therefore, once the amplitude of the capacitor voltage V4 is de-
fined, the requisite buffer capacitance C'p to adequately process
the 2w, power mismatch can be found in terms of the desired
dc output power Py, and input frequency w, from (21).

2) Buffer BDS Inverter: Assuming that the voltage profile
of (17) is maintained with V4 still arbitrary and o = —45°,
a modulation strategy that results in the voltage at the buffer
inverter output being v_(t) is desired. It is chosen to operate the
inverter with the following square wave modulation command,
where the higher order harmonics are ignored under the FHA:

pey (t) = cos(2wgt). (20)

= Pyc.

4
mp(t) ~ = cos(¢p) sin(wy pt + p). (22)

This is achieved by operating the buffer BDS inverter in a manner
exactly homologous to the main BDS inverter in Fig. 3 but with
an independent zero state angle )5 and phase shifted by an
angle p. The angle p is referenced to the main BDS inverter
modulation command m(¢), which is chosen to have a phase
of 0°. For simplicity, it will be assumed that 15 = 1) for the
remainder of this document. Following an analogous derivation
as was given for the main BDS inverter in Section II-A, choosing
p = —45°, and using ID #6 from Table I, the voltage produced
by the buffer BDS inverter will be
2V 4 .
vp(t) = — cos (Y)[cos((whr — wg)t) —sin((wup + wy)t)].
(23)

The two sidebands generated in (23) can again be treated sepa-
rately and decomposed as

vp_(t) = % cos () cos((war — wg)t) (24)
vpy(t) = —% cos (¥) sin((wrr + wg)t). (25)

Choosing V4 = Vj, it is seen that (24) is the desired voltage
v_(t) while (25) is a parasitic orthogonal term. If the orthogonal
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voltage vp. (t) can be “canceled,” the orthogonal load will
successfully maintain v_ ().

3) Orthogonal Cancellation Element: The orthogonal volt-
age of (25) can be canceled by appropriate sizing of the or-
thogonal inductor L¢. Considering the current flow . (¢) in the
branch and using the constitutive relationship for linear inductors
v = L - di/dt, the voltage across the inductor can be found as

di(t)
dt
d 2V,
o _7nge cos(¥) cos((whp + wy)t)
_ 2V,Lo
T 7R,

ULo (t) = Lo

= Lo

cos(Y)(whr + wy) sin((wpr + wg)t).
(26)
Comparing (26) to the parasitic orthogonal term of (25), it is

seen that the orthogonal inductor voltage will provide the correct
cancellation if the following relationship is maintained:

2V,L 2V,
ﬂ_i%eo cos(¢)(wrr + wg) = 79 cos(¢). 27)
Solving for Lo gives
R.
Lo=——"7"—. (28)
© 7 (war +w)

It is interesting to note that this analysis very closely mimics
the underlying goal of single sideband (SSB) suppression in
communication systems, where a dual sideband amplitude mod-
ulated signal is generated and one sideband is suppressed such
that only a single sideband is transmitted [42].

4) Buffer Sizing: The twice-line frequency power buffering
requirement of the buffer capacitor C'p is from (13)
2V2

bcp (t) = _Wgée

Comparing this to (20) and recalling that the buffer capacitor
voltage amplitude mustbe V4 = Vj, for proper voltage insertion,
the following relationship must be maintained to buffer the
correct twice-line frequency power:

cos? (1)) cos(2wyt).

(29)

212 weCpV?2
g 200\ _ 29 g
2R, cos”(¢) = 5 ) (30)
This provides a sizing requirement on the buffer capacitor of
4 2
Cp = oo, cos”(1). 31

By sizing the buffer capacitor as in (31), the orthogonal induc-
tor as in (28), and modulating the buffer inverter switches as
described in Section II-D2, the system will result in full power
pulsation decoupling with unity power factor.

E. Gain Variation

The dc output voltage V, is a result of full-wave rectification
of the transformer secondary. Therefore the voltage at the trans-
former secondary will be a 50% duty cycle square wave varying
between +V,, and —V,, at a frequency wgr + wy. The voltage
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on the primary of the transformer is then the same shape with
peak values of n; - V, where ny = N,,/N; is the transformer
turns ratio. The amplitude of the fundamental component of the
square wave voltage at the primary can be found as

4 4 (N,
Up,l = ;V;) = — (]\;) Vo-

™

(32)

Recalling that the voltage v (t) is the fundamental amplitude
of a square wave voltage under the FHA, the value in (32) can
be related to the amplitude of v (¢) in (10) as

4 (N, 2V,
= <Ns> Vo = - cos(1)). (33)
Solving for V;, yields
V, = Yy cos()). (34)

N 27’Lt

The turns ratio n; is a design parameter and is assumed to be
constant while the ac voltage amplitude V, is assumed to be a
fixed value set by the ac port (e.g., the grid®). It is clear from (34)
that the dc output voltage can be varied using the control variable
1. In other words, by altering the length of the zero states in
Fig. 3, the dc voltage can be controlled over a continuous range.
This gain variability completes the single-branch architecture’s
realization of the four foundational characteristics of an ideal
single-phase ac/dc conversion architecture with power factor
requirements: 1) single-stage power conversion, 2) complete
power pulsation decoupling, 3) continuous gain variation, and 4)
galvanic isolation.

III. EXPERIMENTAL VERIFICATION

This section describes and demonstrates a 120 Vs /60 Hz
in, 250 V dc out, 250 W hardware prototype implemented to
provide experimental evidence of the operating theory described
in Section II. The prototype is shown in Fig. 4. The BDS inverters
are designed as standalone boards and interconnected with a
breakoff board containing the branch passives and direct load.
This modularity allows flexibility in future testing of additional
modulation strategies and multibranch topologies (to be dis-
cussed in Section IV). It is noted that this experimental prototype
was not optimized to display state-of-the-art performance but is
intended to provide the first experimental demonstration of the
novel concepts described herein. Optimization and exhibition
of the performance and miniaturization benefits enabled by this
architecture will be the focus of a future work. The hardware
prototype is designed to modulate a f, = 60 Hz grid frequency
voltage at [ = 3500 - f, = 210kHz . To implement the BDS
devices, two GaN HEMTs are connected in an anti-series con-
figuration and are driven in unison. The source terminals of the
devices are tied together such that they are driven from a single
gating signal and driver IC. A readily available 12V computer

3While this paper considers the case of power flow from the grid to a dc
load, the HPPC is in general an architecture with bidirectional power flow
capability. For example, if the diode rectifier in Fig. 2 is instead implemented
using synchronous rectifiers, the converter may deliver power to the grid from
the dc port. The voltage conversion ratio in (34) can then be used to regulate the
sinusoidal ac voltage amplitude V.
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Fig. 4. Labeled single-branch experimental prototype. The resonant and or-
thogonal inductors are integrated into a single magnetic component and resonant
capacitors are under the breakoff board.

TABLE I
HARDWARE COMPONENTS AND EQUIPMENT

Active Devices

Item Manufacturer Part Number
GaN HEMT GaN Systems GS66516T
Gate Driver IC Infineon 1EDB7275F
Isolated Power Analog Devices ADUMS5010
SiC Schottky Diode Infineon IDDDO08G65C6
Passive Components
Item Value Material/Technology
Resonant Inductor L,.F 51.2uH 3094
Resonant Capacitor C'. 11.02nF Ceramic, COG
Buffer Capacitor C'g* 46.0uF Film
Orthogonal Inductor Lo 17.65pH 3C9%4
Transformer Turns Ratio n:™ 1/3 3C94

Ceramic, X7R
Power Resistor

Output Capacitor C,,
Load Resistor Ry,

12pF
25802

Test and Measurement

Item Manufacturer Part Number
Digital Oscilloscope Tektronix MSO056B
Input Voltage Probe Tektronix THDP0200
Buffer Capacitor Voltage Probe Tektronix THDP0200
BDS Inverter Voltage Probe Tektronix TIVPIL
Output Voltage Probe Tektronix THDP0200
Input Current Probe Tektronix TCP0020
Resonant Current Probe Tektronix TCPOO3A

 Integrated into single magnetic component using 15 turns 435/4#40
Litz wire on PM50/39 Ferroxcube 3C94 core.

#PNs C4ATFBWS5400A3NJ  (40uF); EZPQ33405LTA
C4ATFBU4200A3BJ (21F).

* 5 primary, 15 secondary turns 435/#40 Litz wire on PM62/49 Ferrox-
cube 3C94 core.

(4pF);

fan is employed to force room temperature air over the GaN
devices for cooling purposes. Table II provides relevant values
and part numbers for the components and equipment utilized in
the experimental prototype of Fig. 4.

A. Prototype Results

The low frequency operating waveforms from the experimen-
tal prototype are shown in Fig. 5* for ¢ = 0 open loop operation

4The waveforms presented in Figs. 5 and 6 were collected directly from the
oscilloscope, with enhanced axis labels added to improve readability. Complete
oscilloscope screen captures are available in the supplementary material accom-
panying this manuscript.
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Fig. 5. Experimentally measured low frequency waveforms for v;, =
120.2Vypms, fg = 60Hz, Py, = 251.7W, fypr = 209.86 kHz.

as described in Section II. The input current demonstrates the in-
herent unity power factor regulation of this converter: current is
nearly perfectly in phase with the input voltage. The power factor
at any port can be determined as the product of a distortion factor
K p, which indicates harmonic content in the current waveform
and a displacement factor K4 which indicates the relative phase
shift between the voltage and current waveforms. The distortion
factor associated with switching frequency harmonic currents
would be mitigated by an EMI filter, but the displacement
factor is what is regulated by a conventional PFC stage in the
traditional ac/dc architecture of Fig. 1. The phase shift between
the input voltage and current is observed to be 1.78°, which
results in a displacement factor of Ky = cos(1.78°) = 0.9995.
Thus, automatic unity power factor capability of the architecture
is clearly demonstrated. The buffer capacitor voltage is observed
to be a 45.92° phase shifted version of the ac input, a condition
for processing nearly all 2w, instantaneous power in the system.

Fig. 5 displays the output voltage V,, and its corresponding
ac component v, 4. This waveform has a 2w, peak-to-average
ripple ratio of R = 5.67%. The ideal value is R = 0, corre-
sponding to perfect absorption of the second-line harmonic
power by the orthogonal load. This relatively low variation from
the expected result is largely attributable to imperfect bandpass
filtering of the resonant tank. A two-branch implementation
of the HPPC represents an attractive means of reducing the
dc output voltage ripple through its enablement of increased
tank frequencies and thus relaxed filtering requirements, and
this is discussed in Section IV. The waveforms of vy pr and
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Fig. 6. Experimentally measured high frequency waveforms for v;, =

120.2 Vyms, fg = 60Hz, Py, = 251.7W, frp = 209.86 kHz. The wave-
forms show a progression through the line cycle at angles (a) wyt ~ 3°, (b)
wgt ~= 35%, and (c) wyt =~ 90°.

vp show the familiar beat frequency voltage profiles associated
with the outputs of the BDS inverters and their corresponding
low frequency envelopes. Fig. 6 illustrates the output voltage
of the main BDS inverter vy and the tank current iz on a
switching frequency time scale. The main BDS inverter output
voltage is observed to be a high frequency square wave whose
amplitude tracks the envelope of the grid while the tank current
is approximately a pure tone of constant amplitude. It is seen
that the phase of ¢ ;7  changes with respect to v over the line
cycle as aresult of their slightly differing frequency content. This
results in expected and quantifiable hard switching during some
parts of the cycle [see Fig. 6(a)] and soft switching during others
[see Fig. 6(b) and 6(c)], and is further addressed in Section IV-C.

A quantitative comparison between the model of Section II
and experimental measurements is provided in Table III along
with an estimate of the losses in the system. It is of note that
over half of the losses are estimated to be a result of HEMT
switching and conduction losses. The most compelling pathway
to high efficiency for the HPPC is to employ a two-branch
architecture owing to its ability to achieve ZVS throughout the
entire line cycle. In addition, the availability of monolithic BDSs
will aid in improving the figure of merit of these devices com-
pared to their implementation as discrete anti-series connected
devices. Recalling the buffer capacitance calculated in (2) for the
same ripple ratio, this prototype demonstrates an approximately
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TABLE III
COMPARISON OF MODEL PREDICTED AND EXPERIMENTALLY OBSERVED
VALUES

Parameter Model Experiment  Percent Error
Input Power Pj, 250W 251.7TW +0.68%
Output Voltage V, 254.6Vyc 241.8Vye -5.03%

Buffer Capacitor
Voltage ve:,, 120Vims 118.2Vims -1.50%
Buffer Capacitor 45° 45.92° +2.04%
Phase o
Displacement

Factor K,y 1.0 0.9995 -0.05%
Efficiency n 91.3% 91.7% +0.44%

Loss Estimate (Model Only):
Branch Inductors® 47 W
HF Transformer 31 W

SiC Diode Rectifier 2.6 W
HEMT Switching 73 W
HEMT Conduction 4.0 W

T Assuming ac resistance factor F = 2.
# Using 1.5x multiplier for dynamic Rgsop-

68.5% reduction in required bulk capacitance as compared to
a conventional energy buffer which must perform dc voltage
regulation. Further, a dc link film capacitor of 140uF with a
voltage rating of 550 V. has a typical box volume of about
142.3 cm? [44]. In contrast, a 45F film capacitor with a voltage
rating of 250 V. has a typical box volume of about 67.3 cm?
[45], representing a 2x reduction in capacitor physical volume
for the same system specifications. Methods for decreasing the
required capacitance further are possible through independent
control of the buffer BDS inverter zero state angle /5 and will
be the focus of a future work.

B. Comparison to Current Art

While it is difficult to directly compare single-phase ac/dc
power converters without considering a comprehensive set of
design details (e.g., port specifications, passive/active voltage
and current stresses, control complexity), Table TV provides
a high-level comparison between this and other single-stage
single-phase ac/dc converters proposed in the literature. It is
seen that the efficiency of the non-optimized experimental pro-
totype presented in this work is comparable to current art. As
the volume of a capacitor is dependent upon its capacitance
and rated voltage, we have included an evaluation of the bulk
capacitive energy storage requirement normalized to the rated
power throughput of the converter. This metric is aimed at
being a design-agnostic comparison of the buffer miniaturization
potential of a single-phase ac/dc power converter. The required
capacitive energy storage per unit power in this paper is found
to be 2.4x less than the next lowest work in Table IV and 15.4x
lower than the median, highlighting the benefit of true minimum
energy storage sizing achieved in this work.

C. Distinguishing From Similar Topologies

A class of single-stage’ single-phase ac/dc converters based
on the DAB has found widespread interest in recent years

SWhile some authors refer to these converters as “quasi-single-stage” due to
the front-end ac bridge (cycloconverter), we consider this as belonging to the
single-stage in the same manner that a dc bridge is encapsulated in the single
conversion stage of, e.g., an LLC converter.
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TABLE IV
COMPARISON OF THE PROPOSED SINGLE-STAGE, SINGLE-PHASE ac/dc CONVERTER WITH PRIOR WORK
Proposed ac Voltage  dc Voltage Rated Efficiency’ Normalized Capacitive Energy No. of Switching
Work (Vims) Vie) Power (W) ciency Storage (mlJ Installed/WW Rated) Semiconductors  Frequency (kHz)
[46] 90-265 55 150 81.5% 133.13 13 50
[47] 85-265 48 1000 84.5% - 14 50
[48] 216-264 25-40 100 95.3% 20.37 10 100-500
[49] 207-253 370-470 3700 96.0% 238.85 12 75-150
[50] 85-265 150 100 91.5% 15.53 12 156
[51] 110 155 400 92.0% 13.42 10 15
[52] 90-265 20 330 92.2% 40.72 12 400
[53] 90-265 20 330 94.0% 44.79 15 300
[18] 90-110 100 100 92.5% 6.38 7 50
[54] 100-240 48 100 90.5% 42.65 11 35-75
This Work 120 250 250 91.7% 2.65 12% 210
 Taken at rated power and 120Vims where available.
¥ Using monolithic BDS devices; 20 devices used in this work to emulate BDSs.
TABLE V

(e.g., [49], [55], [56], [57], [58], [59], [60]). The primary draw-
back of these converters is that they still rely upon large dc link
capacitors to filter 2w, ripple present during near unity power
factor operation and subsequently this power must be processed
by the high-frequency transformer. To reduce the size of the
buffer capacitor and power throughput of the transformer, [48],
[61], [62], [63] introduce a series-connected AEB to the high fre-
quency tank of the DAB ac/dc converter, where [48], [61], [62]
also include a series resonant filter. While the circuit structure of
these works are very similar to that of Fig. 2, the power conver-
sion processes are fundamentally distinct. Having described the
operating principles of the single-branch HPPC in this and the
previous section, we now provide insight into the differentiating
characteristics of this and the work in [48], [61], [62], [63], which
is corroborated by experimental measurements.

In the seminal work which introduced this method [48], the
series buffer capacitor and the ac line are both modulated by
a half-bridge configuration of unipolar devices (a half-wave
cycloconverter is required for the ac interface) while the dc portis
interfaced by a full-bridge. A complicated line-phase dependent
control strategy is proposed, which implements time-varying
phase shifts on the ac and buffer bridges and time-varying PWM
on the dc bridge. This results in a PWM modulated switching
frequency square wave on the primary of the transformer and a
modulated switching frequency current in the tank. The buffer
capacitor operates with a dc voltage and therefore does not
achieve minimum energy buffering. In contrast, [61] replaces
the half-bridges with full-bridges and operates with time-varying
PWM on both the ac and series-buffer active bridges, and with
fixed phase, constant duty cycle operation on the dc bridge
(phase and duty cycle are used as setpoint variables to regulate
the desired steady-state voltage and power conditions). The work
proposed in [62] then implements similar modulation strategies
as in [61] while using the topology of [48]. The result of [61]
and [62] is a square wave on the primary of the transformer
and a sinusoidal tank current, both at the switching frequency.
These works achieve minimum energy storage buffering by

EXPERIMENTALLY MEASURED HARMONIC CONTENT IN KEY SINGLE-BRANCH
HPPC STATE VARIABLES

fur — fg = 209.80kHz fur = 209.86kHz fur + fg = 209.92kHz

vnrp (D) 76.0Vims 0 74.0Vims
vs(t) 73.5Vims 0 74.0Vims
O) 2.5Vims 0 74.0Vomns
igp(t) 0.05Ams 0 3.0Ams

maintaining a half-wave rectified sinusoid on the buffer capacitor
with an appropriate phase shift to the grid voltage. The work
in [63] interfaces the ac port with a BDS full-bridge inverter, and
the series active buffer and dc port with a unipolar full-bridge.
This results in a switching frequency square wave voltage at the
transformer and a multisegment piece-wise linear current in the
tank. The capacitor 2w, buffering is imposed on a dc voltage and
therefore does not achieve minimum energy storage buffering.
In all of [48], [61], [62], and [63], the critical distinction from
this work is that every switching network operates at the same
square wave modulated switching frequency. Therefore, regard-
less of the additional modulation employed (e.g., phase, PWM),
the dominant current harmonic in the tank is at the switching
frequency. While all of these works generate and control side-
band harmonic voltages, the partitioning and enforcement of
these harmonics is fundamentally dissimilar from that proposed
in this work, where the current in the tank and the voltage across
the primary of the transformer are explicitly designed to be
at one sideband harmonic of the switching frequency. This is
exemplified by the harmonic content measured on the prototype
of Fig. 4 and presented in Table V. It is seen that the voltages
v r(t) and v (t) contain both 60 Hz sidebands of the switching
frequency but the tank current and the voltage across the primary
of the transformer are predominantly of the positive sideband.
Further, this work presents a novel framework for time-domain
analysis of these systems and a general architecture enabling
synthesis of otherwise nontrivial topologies (to be discussed in
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Fig. 7. Generalized HPPC for (a) an arbitrary integer P pairs of sideband

harmonics, N = 2P total voltage harmonics, and M branches, and (b) an
example HPPC with a single P = 1 sideband harmonic pair, N = 2 voltage
harmonics, and M = 2 branches.

Section IV). This is in contrast to prior art which has relied
upon complicated switching-frequency-based averaged funda-
mental harmonic analyses that provide a limited framework for
exploring alternative topologies that might offer different and
beneficial design trade-offs.

IV. GENERAL HPPC ARCHITECTURE

The previous section experimentally demonstrates the abil-
ity for a single-branch HPPC to achieve unity power factor,
true-minimum energy buffering, dc output voltage conversion,
and galvanic isolation in a single-stage architecture. The most
general structure of the HPPC is shown in Fig. 7(a). The HPPC
consists of a P-Pair amplitude modulation network connected
directly to the ac port, and the output of this network feeds
a configuration of harmonically partitioned loads. The P-Pair
amplitude modulation network, hereinafter referred to as the
modulation network, generates P pairs of sideband harmonic
voltages totaling N = 2P voltage harmonics. The configuration
of harmonically partitioned loads consists of M > 1 parallel
branches, where each branch consists of a series connection of
orthogonal load elements and direct load elements whose total
voltage drops must equal the N voltage harmonics inserted by
the modulation network. In addition, each of the M branches
must carry a current with the same frequency as one of the
voltage harmonics inserted by the modulation network.

One particular embodiment of the general architecture, which
demonstrates its salient benefits while enabling very high per-
formance is shown in Fig. 7(b). This implementation generates
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a single pair (P = 1) of sideband harmonic voltages such that
a total of N = 2 voltage harmonics are present in vgp. The
modulation command for this case is

m(t) = M sin(wgpt) (35)

where 0 < M < 1is the controllable carrier amplitude enabling
gain variation and wy r > wy is the carrier frequency. As was
described in Section II, the output of the BDS inverter can be
found as

v
vpr(t) = Llcos((whr — wg)t) — cos((wpp + wy)t)]

(36)

and the decomposed voltage harmonics are

M
v_(t) = Yy cos((wpp — wy)t) 37
MYV,

v4(t) = ——2 cos((wpF + wy)t). (38)

A. Instantaneous Power Flow

To ensure the converter will draw current that allows unity
power factor operation, we can load the modulation network
with an effective resistance R.. For this case, the current i gy - (t)
is found as

i (t) = vH];(t) _ v;%(t) n v;%(t)
MV,

= SR, [cos((wap — wq)t) — cos((wrr + wy)t)].
(39)

This current has the same sideband harmonics as the voltage
inserted by the modulation network. If the orthogonal and direct
loads maintain the voltages shown in Fig. 7(b) and the current
ig (t) splits such that i_(¢) flows in one branch while i, (t)
flows in the other, the HPPC will draw unity power factor
current while completely decoupling the dc and 2w, instanta-
neous power in the system. Following the derivation provided
in Section II-B, the orthogonal loads will process the following
instantaneous power:

2v2
po1(t) = — 1R L [cos(2wp pt) + cos(2w,t)] (40)
M?V?
Po2(t) = — L [cos(2wp pt) + cos(2w,t)]. 41)
4R,
Similarly, the instantaneous power flow at the direct loads is
27,2
pa1(t) = R 11+ cos(2(whr — wy)t)] (42)
2v2
pdg(t) = iR g []_ -+ COS(Q(L«JHF + wg)t)]. 43)

Equations (40) and (41) again show that the orthogonal load
elements process only 2w, and 2wy r power, while (42) and
(43) show that the direct load elements process only dc and
2(waF £ wy) power. The analysis for the general two-branch
architecture of Fig. 7(b) further demonstrates the key mechanism
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for power decoupling: similar sidebands process dc power while
orthogonal sidebands process 2w, power. With unity power fac-
tor, gain variation, and power decoupling demonstrated, galvanic
isolation can be achieved by integrating transformers at the direct
loads as was described in Section II.

B. Reduction to a Single-Branch

It is possible to omit one of the branches in Fig. 7(b) at the
expense of losing ZVS over half of the line cycle and carrying
increased currents in the branch for the same power transfer.
This has already been demonstrated in Section II, where Fig. 2
corresponds to having removed the rightmost branch of Fig. 7(b)
carrying the other sideband harmonic current ¢_. The second
branch of Fig. 7(b) can be implemented in Fig. 2 by adding an
identical branch in parallel but controlling the new buffer BDS
inverter to have p = 445° and replacing the orthogonal inductor
Lo with an orthogonal capacitor Co sized for

1
Re(whr + wg)
Multiple branches can also be implemented to carry the same

harmonic current with varying amplitudes, as may be of interest,
e.g., in generating multiple dc outputs from the single ac source.

Co = 44)

C. Zero Voltage Switching (ZVS)

The single-branch HPPC described in this paper only achieves
ZVS for half of the line cycle, one of the primary drawbacks of
the single-branch architecture in comparison to the dual-branch
architecture. This can be observed by considering the effective
ac resistance loading the modulation network. For example, in
the single-branch implementation the current was defined such
thatipgr = iy = vy /R.. The effective ac resistance loading the
modulation network for this voltage and current profile is then
found as

cos((nwpp — wy)t)
cos((nwar + wy)t)

_ ?HF(t) “ R,

1HF (t)

Equation (45) shows that the harmonically partitioned loads
of the single-branch architecture appear to the BDS inverter as
a nonlinear load and only enable ZVS during half of the line
cycle. In contrast, the current for the two-branch implementation
in Fig. 7(b) is defined as iy = i4 +i- = vgrp/R.. The har-
monically partitioned loads of this two-branch implementation
therefore appear to the modulation network as an effective linear
resistance and permit soft switching of all inverter switches
throughout the duration of the line cycle.

(45)

ac

V. PRACTICAL CONSIDERATIONS

Because the HPPC is a new general architecture, it is benefi-
cial to further discuss some of the practical design opportunities
and challenges associated with the single- and two-branch HPPC
architecture.

A. Magnetic Design

A key advantage of the HPPC over the traditional architecture
described in Fig. 1 is the removal of PFC inductors carrying
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dc currents. These are inherently difficult to miniaturize owing
to the competing requirements of high saturation flux densities
(associated with dc currents) and low core losses (associated
with ac currents). The high frequency operation enabled by the
two-branch architecture presents an opportunity for significant
miniaturization of the magnetics as they are all relegated to
the high frequency ac branch. In addition, certain waveshap-
ing techniques (e.g., setting 1) = 30° to cancel third harmonic
sideband generation) can further reduce the requirements of
the resonant filter, and many other multilevel and harmonic
reduction waveshaping techniques common to inverters [4] may
be extended to the BDS inverter.

The purely sinusoidal high frequency current i, () carried
by the branch inductances is also amenable to miniaturization,
particularly with the emergence of low cost, automated high-
frequency core loss testers which produce large data sets ideal
for optimization [64], [65], [66]. Further, as the orthogonal and
resonant inductances Lo and L, can be integrated into a single
inductance, only one inductor is required for a single-branch. At
the higher switching frequencies available in the two-branch ar-
chitecture, this can be done, e.g., by implementing the inductors
as the leakage of the high-frequency transformer.

B. Variable Passive Components

One of the key challenges of the HPPC implementation
described in this article is load dependence of the orthogonal
inductor Lo . If the main BDS inverter is operated with a control
angle ¢ while the buffer BDS inverter is operated with an
independent control angle 5, the required buffer capacitance
and orthogonal inductance are found as

_ 2
Cp = ol cos”(¢p) (46)
R.
Lo=—2¢ 47
Al re— (47)

The control angle ) is used for output voltage regulation and
the variable 15 in (46) can enable a constant capacitance over
variations of load voltage and power. Equation (47), however,
shows that the required orthogonal inductance must change with
variations in load resistance to maintain unity power factor.
This variable inductance (and capacitance for the two-branch
architecture) represents a unique design challenge for the HPPCs
described in this work, but there exists a myriad of literature
on the synthesis of variable inductors and capacitors. For ex-
ample, variable inductors [67], [68], [69], [70], [71], [72] and
capacitors [73], [74], [75], [76] derived from ferromagnetic
and ferroelectric materials represent a suitable option for power
electronics applications, but a more comprehensive analysis as
to their associated trade-offs on system functionality, loss, and
volume is necessary. The strong miniaturization opportunity
presented by the HPPC architecture motivates the advancement
of improved high-performance variable passive components.
Another possibility for introducing an additional control vari-
able in the system is the implementation of a variable turns ratio
transformer. For example, since R, = V02 / P,, two independent
control variables are needed for the two independent design
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TABLE VI
ORTHOGONAL LOAD VOLTAGES, ENERGY BUFFERS, AND ORTHOGONAL
CANCELLATION ELEMENTS FOR EXAMPLE SINGLE- OR TWO-BRANCH HPPC
IMPLEMENTATIONS

Desired Voltage Energy Buffer Phase Cancellation Element

v_(t) Capacitor Inductor
v_(t) Inductor Capacitor
vy (t) Capacitor Capacitor
vy (t) Inductor Inductor

specifications V, and P,. Assuming a fixed turns ratio, the
zero state angle 1 allows for output voltage regulation while
a variable inductance Lo would be required to regulate the
output power P,. However, if the turns ratio of the transformer
was variable, 1 could still regulate the output voltage while
the turns ratio n; is altered to ensure the effective resistance of
(16) remained constant, thus allowing constant valued passive
components as per (28) and (31). Such variable turns ratio
transformers are in active development and would be particularly
amenable to this type of system [39], [40], [41], [77].

C. Other Energy Buffers

While this article presented one implementation of the or-
thogonal load using a capacitive energy buffer Cp, the energy
buffering element can also be an inductor® L. The required
orthogonal cancellation element will then depend on not only
what type of energy buffer is utilized, but also what orthogonal
load voltage is desired to be maintained. Table VI shows the
combinations of orthogonal loads that may be implemented
when using square wave modulation of the BDS inverters.
Furthermore, the architecture can build on the extensive work
that has been done in dc-regulating AEBs [21], [80], [81], [82].
The orthogonal load in the HPPC is distinct in that it interfaces a
low frequency buffer to a high frequency tank, but the robust dc
AEB literature can motivate implementations of the orthogonal
load. For example, the implementation in this article mimics the
classic implementation in [16].

VI. FUTURE WORK

This article experimentally demonstrates the single-branch
HPPC'’s ability to achieve unity power factor, complete power
pulsation decoupling, and dc voltage regulation under open-loop
operation. Practical deployment of the single- and two-branch
HPPC described in this work necessitates further investiga-
tion into dynamic response and parameter optimization via
closed-loop control, particularly due to voltage, frequency, and
temperature fluctuations. The HPPC architecture described in
this article additionally enables the synthesis of many possible
single-stage single-phase ac/dc power conversion topologies. To
fully leverage the benefit of the HPPC method across various
applications, further research and development of the advantages
and trade-offs of HPPC-based conversion topologies is required.

SIt is very unlikely that an inductive buffer element would be considered as a
result of the drastic energy density superiority of capacitor technologies at low
frequency [78], [79].
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VII. CONCLUSION

This article introduces a single-stage, single-phase ac/dc
power conversion architecture called a “HPPC”. By leveraging
BDSs for direct modulation of the ac input, and employing a
special “harmonically partitioned” loading network, the HPPC
can achieve automatic unity power factor operation, contin-
uous gain variation, galvanic isolation, and complete power
pulsation decoupling in a single power conversion stage. Crit-
ically, this power conversion occurs entirely through a single
high frequency ac tank (line-frequency ac — high-frequency
ac — dc), rather than the traditional cascaded structure of
single-phase ac/dc converters (which convert line-frequency ac
— dc—high-frequency ac — dc). By eliminating redundant
conversion stages and relegating all magnetic components to the
high frequency tank, the HPPC offers a substantial opportunity
for miniaturization. The paper provides an analytical description
of the general architecture and the underlying design equations.
The core functionality of the proposed architecture is experi-
mentally validated using a simple “single-branch” implemen-
tation, which demonstrates that unity power factor operation,
true-minimum energy storage buffering, dc voltage conversion,
and galvanic isolation are achieved in a single conversion stage.
Several opportunities and challenges of the architecture are
discussed, in addition to directions for future work. The proposed
architecture is valuable for all single-phase ac/dc power conver-
sion applications with power factor requirements on the ac port
and offers strong potential for miniaturization and performance
advances in this space.
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