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Abstract—A high-efficiency, high-power-density buffer archi-
tecture is proposed for power pulsation decoupling in power
conversion between dc and single-phase ac. We present an active
decoupling solution that yields improved efficiency and reduced
circuit complexity compared to existing solutions. In the proposed
architecture, the main energy storage capacitor is connected in
series with an active buffer converter across the dc bus. The
series-stacked capacitor blocks the majority of the dc bus voltage
to reduce the voltage stress on the buffer converter, such that fast,
low-voltage transistors can be employed for the buffer converter.
Moreover, the series capacitor provides the majority of the power
pulsation decoupling through a wide voltage swing, and the buffer
converter only needs to process a small fraction of the total power
of the entire architecture, allowing a very small active circuit
volume and very high system efficiency. The circuit operation and
design constraints are analyzed in detail. In the proposed buffer
architecture, the series stacking of a nearly lossless capacitor
and a lossy converter presents a challenge of capacitor voltage
balancing and power loss compensation. We propose a control
scheme exploiting the small ripple in the bus voltage and dc input
current to compensate for the power loss in the buffer converter
while maintaining the voltage balance. Light-load techniques are
also introduced to ensure that the buffer architecture meets strict
ripple requirements while providing sufficient loss compensation.
A 2-kW hardware prototype based on low-voltage GaN switches
has been built to demonstrate the performance of the proposed
solution. A power density of 25 W/cm? (410 W/in®) by rectangular
box volume and an efficiency above 98.9% across a wide load
range has been experimentally verified.

Index Terms—Active filters, circuit topology, digital control, DC-
AC power converters, power smoothing.

1. INTRODUCTION

OWER converters interfacing dc and high power factor
P single-phase ac (inverters or rectifiers) typically require an
energy buffer to handle the twice-line-frequency power ripple.
As shown in Fig. 1, the power of 60-Hz single-phase ac with
unity power factor takes a shifted 120-Hz sinusoidal waveform
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Fig. 1. Power conversion between dc and single-phase ac. (a)High-level
schematic. (b) Instantaneous power plot.

(twice-line-frequency power pulsation). While the cycle aver-
age equals the dc power, there exists a mismatch between the
instantaneous values. An energy buffer is, therefore, required to
compensate the energy difference within a cycle such that the
dc power can be decoupled from the ac power pulsation.

Capacitors are often used for energy storage in power pul-
sation decoupling applications, owing to their superior energy
density compared to inductors [1]. The simplest and most widely
used solution in practice is a dc bus capacitor bank, which is
often referred to as capacitor passive decoupling. In one cycle,
the energy storage requirement for the capacitor bank can be
expressed as
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where P, is the average power of the dc—ac converter, fi,, is
the line frequency, and V},,,x and V,,;, are the two extremes of
the voltage across the capacitor bank. The energy storage re-
quirement in one cycle is determined by the average load power
(.e., 2: e ), and is fulfilled by charging and discharging the
capacitors. According to (1), the capacitor bank needs to have
enough capacitance C' and voltage ripple (i.e., Viyax — Vinin) to
provide the required buffering capability. Most applications im-
pose strict constraints on the magnitude of the allowed voltage
ripple on the dc bus. Therefore, to meet certain energy storage
requirement, the capacitance C' typically has to be very large.
Note that although from (1), it may seem that increasing the av-
erage voltage, %(Vmax + Viuin ), can also help reduce capacitor
volume, this is generally not the case in practice. High average
voltage does reduce the capacitance needed, but the capacitor
would require higher voltage rating given certain volume. A ca-
pacitor rated at higher voltage typically has lower capacitance.
In other words, the energy density of the ceramic capacitors
considered here vary relatively little with rated voltage (with
deviations caused by practical issues such as packaging), so
the total capacitor volume changes relatively little with aver-
age voltage. The experimental evaluation of a large number of
commercial capacitors in [2] demonstrated this trend.

The aforementioned large capacitance is usually provided
by electrolytic capacitors, which offer large capacitance at low
cost. However, electrolytic capacitors are known for their high
power loss, low reliability, and limited current ripple capability
[1]. In fact, in practice, the volume of the electrolytic dc bus
capacitor bank is often limited by the ripple current capability
[3], rather than the capacitance requirement of (1). Therefore,
due to efficiency and reliability considerations, ceramic or metal
film capacitors are often preferred despite their lower capaci-
tance and higher cost, but the large volume required becomes
a major limitation. Various solutions have been proposed in the
literature that significantly increase the energy density of the
power decoupling buffer and allow for the use of film or ceramic
capacitors [4]-[20]. However, most of these solutions suffer
from high circuit complexity, high component voltage stress,
or a large efficiency or volume penalty, as will be discussed
in Section II.

In this study, we propose a low complexity buffer architec-
ture that overcomes the drawbacks of previous solutions, and
simultaneously achieves both high efficiency and high power
density. This paper presents the analysis and design of the
circuit architecture as well as the control techniques for voltage
balancing and loss compensation that enables the practical
implementation of this architecture. The remainder of this paper
is organized as follows: Section II reviews related previous
work and explains the rationale that leads to the proposed idea;
Section III illustrates the operation of the proposed buffer and
derives the design constraints; Section IV discusses the control
challenge imposed by this architecture and presents the feed-
back control scheme to achieve power loss compensation and
voltage balancing; Section V presents the hardware prototype.
Section VI presents the experimental results under various
static and dynamic operating conditions; Section VII compares
the series-stacked buffer architectures with state-of-the-art
solutions in the literature. Section VIII concludes this paper.
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Fig. 2. Energy buffering ratio! as a function of the ripple voltage ratio (i.e.,
the magnitude of voltage decrease during discharge over the maximum voltage).

II. ENERGY BUFFERING BACKGROUND

Fundamentally, the problem of the passive dc bus capacitor
power pulsation decoupling is that the two requirements of en-
ergy storage and dc voltage regulation are tightly coupled but
contradicting to each other. Fig. 2 plots the energy buffering
ratio! of the capacitor bank as a function of how much the
capacitors discharge from the maximum voltage. In practical
applications, only a small portion of the capacitors’ energy po-
tential is utilized due to the limited ripple allowed. As shown
in Fig. 2, for an application that allows only 3% ripple on the
dc bus, the energy buffering ratio is only approximately 6%.
The key to overcoming this limitation is to separate the energy
storage and voltage regulation functionalities from the capac-
itors. Various embodiments of such schemes have been pre-
sented in the literature that are often referred to as active decou-
pling. A few comprehensive reviews can be found in [21]-[23],
while only the works that are directly related to our proposed
architecture are reviewed here.

For dc side decoupling, a magnetic-based bidirectional power
converter can be inserted between the dc bus and the buffer
capacitor such that one can control the conversion ratio to dis-
charge the buffer capacitor more deeply, while still maintain-
ing a close to ripple-free bus voltage. One example of such a
structure is shown in Fig. 3(a). Although stand-alone switched-
inductor converter implementations have been proposed
[51, [6], [9], [11], many of the buffer converters proposed to
date are merged into the operation of the main inverter/rectifier to
eliminate a separate bulky inductor [4], [7], [8] or extra switches
[12]. One of the major limitations of these solutions is the fact
that the buffer converter is directly connected to the dc bus, yield-
ing high component voltage stress. Consequently, for the added
buffer converter, high-voltage, slow-switching transistors have
to be used, which limits the achievable switching frequency,
leading to large magnetic elements. Thus, the volume reduction

!Energy buffering ratio: The actual energy exchanged in one cycle over the

full energy storage at the maximum voltage, i.e., I', = % [15].
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from smaller energy storage capacitor is often offset by the vol-
ume overhead introduced by the buffer converter itself. Another
major limitation is the efficiency penalty incurred by the buffer
converter. As illustrated in Fig. 1, an average power of %Pave is
flowing into, and then out of the capacitor in each cycle. There-
fore, to the first order, the overall efficiency is approximately

2
- 7(1 - nbuffer) 5 (2)
>

—_——
efficiency penalty

n ~ Tmain

where 7y .in 1S the efficiency of the main inverter/rectifier and
Mhutter 1S the efficiency of the buffer converter. Even if the buffer
converter can be made efficient, since it is processing a large
portion of the total power, it can still incur significant power
loss.

To overcome the problem of low efficiency and high voltage
stress, a series voltage compensator has been proposed in [10].
As shown in Fig. 3(b), this structure allows a very large voltage
ripple on the capacitor. A buffer converter is connected in series
with the dc—ac converter (or in series with the dc bus) to cancel
this ripple, such that the dc—ac converter (or the dc bus) sees
only a small ripple. The series connection of the buffer con-
verter allows the buffer converter to see only the voltage ripple
magnitude and to process only part of the total power. The main
drawback is that the ripple is only reduced on one side (dc bus or
dc—ac converter), while the other side that is directly connected
to the capacitor lacks voltage regulation. Moreoever, the voltage
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Active decoupling solution examples in previous literature. (a) Full ripple port buffer. (b) Series voltage compensator. (¢) Active-filter-integrated converter.

swing on the capacitor is limited by the operating voltage of the
converter connected to this capacitor.

Recently, an active-filter-integrated converter solution, as
shown in Fig. 3(c), has been proposed [13], [14]. This solu-
tion is derived as a natural extension from the aforementioned
works [4]-[9], [11], [12], but itis different in the sense that active
decoupling is integrated into the operation of an H-bridge dc—ac
converter through advanced control and no extra power com-
ponents are added (except for splitting and rearranging some
existing passive components). Since it does not require a dis-
tinct add-on decoupling stage, the system efficiency is not im-
paired. While this solution is effective in H-bridge converters,
a key limitation is that it does not apply to all dc—ac converter
topologies (e.g., unfolding inverters), as opposed to other active
decoupling solutions that generally operates independent of the
dc—ac converter topology. Moreover, the H-bridge transistors in
this solution experience high voltage stress especially during
light-load conditions (or equivalently, the output voltage range
is limited).

An alternative approach to magnetic-based buffer converters
is the stacked switched capacitor (SSC) buffer [15], [16]. One
embodiment of the SSC buffer is shown in Fig. 3(d). The SSC
buffer consists of an array of capacitors and switches. As the
capacitors charge and discharge, the SSC buffer reconfigures the
array in different series and parallel combinations to regulate
the dc bus voltage. Compared to a magnetic-based converter
that continuously processes the buffer power, the SSC buffer
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Fig. 4. Diagrams of the proposed buffer architecture. (a) High-level schematic of the proposed buffer architecture. (b) Medium-level schematic of the proposed
buffer architecture with a simplified circuit schematic of the full bridge converter implementations. The DC/AC converter is abstracted as a current sink. The buffer

control scheme is highlighted in red color.

takes advantage of the natural stacking of capacitor voltages to
maintain the dc bus voltage and only exercises the switches a few
times in each line cycle to adjust the stacking. Hence, the power
loss associated with the SSC architecture is greatly reduced.
However, the configurations of the SSC are discrete in nature,

so the bus voltage experiences a discontinuous jump whenever
the SSC reconfigures. To meet a strict ripple requirement (e.g.,
a few percent), a complicated circuit with a large number of
switches and capacitors has to be built. These components and
their auxiliary circuits (i.e., the signal level shifting and gate
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driving circuit) occupy a large PCB area, undermining the goal
of high energy density.

The features and limitations of these previous solutions sug-
gest the following desired characteristics: on one hand, we want
the capacitor voltage stacking as in the SSC to reduce the buffer
converter voltage stress and the amount of power that needs
to be processed; on the other hand, we want the capability to
regulate the bus voltage continuously as in magnetic-based con-
verters such that strict ripple requirements can be met with a
relatively simple circuit. Our proposed buffer architecture rep-
resents a hybrid solution that combines the best features of
these two approaches. As shown in the following sections, the
proposed architecture achieves very high efficiency and power
density while tightly regulating the dc voltage; it achieves ex-
cellent buffering independent of the dc—ac converter topology
and features a low-complexity circuit.

III. OPERATION PRINCIPLE AND DESIGN CONSTRAINTS
A. Analysis of Operation

The schematic of the proposed buffer architecture is shown
in Fig. 4. Here, C] is the main energy storage capacitor and
is allowed a relatively large ripple (e.g., 20% or more of the
nominal voltage) to improve its energy utilization ratio. Unlike
conventional active decoupling solutions that interface the dc
bus through a parallel-connected buffer converter, C; is stacked
in series with the buffer converter across the dc bus. With proper
control (the control implementation is presented in Section IV),
the buffer converter can behave as a controlled bidirectional
current source to source/sink any instantaneous current differ-
ence between the dc side current 7, and the ac side current
iiny . Capacitor C1 is then charged and discharged in series with
the converter to buffer the energy. Capacitors C5 and C},5 are
both small filter capacitors to absorb the switching transients,
whose effect can be ignored at line frequency. With the afore-
mentioned current control, the voltage across node a and b (i.e.,
v,p) Naturally varies contrary to the voltage change of C (i.e.,
Vo1 + v, = constant). Moreover, since the instantaneous cur-
rent difference (i.e., 4,,¢) sums up to zero within a twice-line-
frequency cycle, the energy is balanced each cycle and the buffer
converter does not need an active energy source to fulfill its cur-
rent source function. A support capacitor Cs is used to maintain
the necessary voltage for the correct operation of the buffer con-
verter. Waveforms illustrating the aforementioned operation is
shown in Fig. 5.

There are several possible topological implementations of the
buffer converter, among which the full-bridge topology and the
noninverting buck—boost topology show the most promise. A
full-bridge implementation is shown in Fig. 4(b) and is used in
the following analysis to illustrate the operation of the proposed
buffer architecture. The analysis presented here is general. It
applies to noninverting buck—boost and other topologies as well.

Consider a single-phase inverter with unity power factor, as
shown in Fig. 4(a). The inverter input power is given as

-Pinv,in = Ubusiinv ) (3)
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Fig. 5. Key waveforms illustrating the operation of the proposed buffer. The

waveforms are calculated for the numerical example outlined in Section I1I-B
(2-kW load power, 400-V bus voltage).

where vy,,5 1s the dc bus voltage and i;,,, is the current flowing
into the inverter. Its output power is given as

Piv.out = vaciac = Vacsin(wt) x Iycsin(wt)
1 — cos(2wt)

2 b
where w is the line angular frequency, and V¢ and I ¢ are the

ac output voltage and current amplitude, respectively. Assuming
a certain inverter efficiency 7, it is easy to show that

“)

= Vaclac

Ijinvﬁout - 'r]an,in

. nVaclac 1 — cos(2wt
= liny — ( ) .

(&)

Ubus 2

Given a constant vy, the inverter input current é;,,, resem-
bles the shape of a shifted sine wave, whose average equals
the average input current from the dc source, Igpc (i.e.,
<iinv >= I3 pC), as shown by the current waveforms in Fig. 5.
To maintain a constant dc bus voltage, the current through the
buffer branch, ¢, should take up the instantaneous difference
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between 4, and Ig pc. In our proposed architecture, this can be
achieved with appropriate control of the full-bridge converter,
as presented in Section IV. Then, by the KCL at node X in
Fig. 4(b), the small filter capacitor Cy,,s should have no current
(except for the switching frequency filtering), and therefore,
maintain a constant bus voltage. The instantaneous change of
charge and voltage on C is given by

Agi — / iourdt = / (e — ispc)dt,  (6)

Aqi
Avep = —. 7
cr= g @)
Since the aforementioned current control ensures a constant bus
voltage

Avgy, = —Avey. (8)

As will be shown in Section V, the buffer converter uses a small
inductor and is designed to switch at a high frequency (several
hundred kilohertz). Its switching ripple and other dynamics can
thus be ignored in the line frequency analysis. Assuming bipolar
pulsewidth modulation (PWM) control of the buffer converter,
the voltages of its two ports [i.e., v, and v.o in Fig. 4(b)] can
be related by the converter duty ratio d as

Vab
VC2

—2d 1. )

Similarly, the currents of the two ports of the full-bridge con-
verter in Fig. 4(b) can be related by the converter duty ratio d
as

lab _ Ihut _ 1
ice  2d—17
since the buffer current iy, flows through port ab. From (10)
and (7), the change of charge on 'y can be obtained as

Agy = /iCth = /(Qd— 1)ibufdt

. (10)
ic2

= (2d — 1)Aql. 11
Thus, the instantaneous charge on C is given as
g2 = Qainit + Aga = Qo init + (2d — 1)Aqy, (12)

where (D2 ini¢ is the initial charge on C5 at the beginning of
every twice-line-frequency cycle. Moreover, from (9), it can be
derived that

1 1
- mvab - m(AU’”’ + ‘/abﬁinit),

where V,,;, ini¢ 1S the initial voltage across terminal a and b at the
beginning of every twice-line-frequency cycle. As discussed
in Section IV, V,; init can be set by appropriate control in a
practical implementation. Choosing V;; init = 0 by design and
substituting (7) and (8) into (13) gives

Vo2 13)

1 Aq
= - —_— 14
By are) (1
Combining (14) and (12) through ¢» = C5v¢ o renders
A
Aqm?® + Q2 imitm + C2i =0, (15)

Ch
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where m = 2d — 1 is the conversion ratio of the full-bridge
converter. The aforementioned analysis applies to nonin-
verting buck—boost converter and other converter topologies
as well, except that the conversion ratio m needs to be
changed accordingly.

In (15), the only operation-dependent variable is Ag;, which
is fully determined by the inverter current ¢;,, according to (7).
Q2 init, C2, and C; are all selected by the component and control
design choices. Solving (15) for m will give the instantaneous
conversion ratio and duty ratio of the buffer converter, from
which all the voltages and current waveforms can be calculated
according to (8) through (14). The waveforms in Fig. 5 are
obtained in MATLAB by first solving (15), and then, inserting
the solution into (8) through (14), given the i;,, of the 2-kW
inverter.

B. Numerical Example

In order to illustrate the operation of the proposed buffer
architecture and to establish a common baseline for compar-
ison, consider a numerical example according to the speci-
fications outlined in the Google/IEEE Little Box Challenge:
a 2-kW, 60-Hz inverter/rectifier with 400-V dc bus voltage
and up to 3% ripple (6 V around 400 V) [24]. Note that
this example is chosen only for illustrative purposes; the pro-
posed architecture is applicable to a much larger voltage and
power range. If one can design an ideal magnetic-based buffer
converter to charge and discharge the buffer capacitor(s) be-
tween 406 and 0 V, it can be calculated from (1) that only
64 uF of the buffer capacitor is required (at the price of larger
buffer converter volume and lower efficiency, as discussed in
Section II). This capacitor volume represents the ideal case
where the rated voltage is fully utilized for energy storage. On
the opposite extreme, if only a conventional passive decoupling
solution is used, at least 1.1 mF is required for the dc bus capac-
itor bank to maintain less than 3% ripple. Moreover, if practical
ripple current limitations of electrolytic capacitors are taken into
consideration in a passive filtering solution, even larger capaci-
tors are typically needed. Practical active decoupling solutions
will result in capacitor requirement somewhere between the two
aforementioned extremes.

If in this example, we choose to allow a 130 V (32%) ripple
on (', then its capacitance is determined through (7) to be
100 pF. Furthermore, C5 is chosen to be 430 pF (exact design
guideline for C; sizing is provided in Section III-C). Using the
equations derived in Section III-A, all the component voltages
and currents for this 2-kW example can be calculated. Fig. 5
plots some key voltage waveforms calculated in MATLAB to
illustrate the operation of the buffer for one line cycle.

As shown in Fig. 5, the current stress on the buffer converter
depends on the ripple current (i.e., maximum of 4y, ¢), while the
voltage stress on the buffer converter (i.e., maximum of v¢o)
is less than 25% of the bus voltage. Such low voltage stress
allows for the use of low-voltage rating transistors with low
device capacitance and low on-resistance. Fig. 5 also plots the
instantaneous power processed by the buffer converter, which
is defined as P.ony = Vgpipus. While the peak power of the
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entire buffer architecture is 2 kW, the peak power processed
by the converter is only 166 W, less than 8.4% of that of the
entire buffer architecture. Since the converter is only processing
a fraction of the full power, the converter power rating (and
thus, physical size) can be made small. Furthermore, the overall
efficiency is approximately

(16)

n ~ Mmain —

2
;(1 - nbuffer) X 84%a

efficiency penalty

which is considerably higher than a conventional active de-
coupling architecture, as given by (2). Note that (16) is approxi-
mate, as the buffer converter efficiency (71, .. ) varies somewhat
across the full line cycle. This equation, while approximate, does
capture the key point that less power is processed by the buffer
converter, which leads to higher overall efficiency.

C. Design Constraints

Equation (15) reveals important design guidelines for the
buffer converter. To achieve the aforementioned benefits, the
choice of components values and operating parameters has to
meet certain constraints for the design to be practical. For a prac-
tical full-bridge converter, the conversion ratio is constrained by

“1l<m<1 (17)

to avoid overmodulation. The choice of components values and
operating parameters (i.e., C;, C', and ()3 init ) should guarantee
that for all Ag; values within a line cycle, (15) has a solution
for m within the range of (17). Therefore, the design constraint
on the values of C', Cs, and Q2 inis is

—Q2 init + \/Q%,init - 4Aq12%f
2Aq1

<1

(18)

and

C.
9 V2

= >0,
1 Ol
where ¢ is the discriminant of (15). Substituting Q3 init =
C5 V5 ini¢ and simplifying (19) results in

§ = Q3 1 — 4A¢q (19)

Aq%,max

Gy

This result indicates that for proper operation, the support capac-
itor C needs to have a certain minimum initial energy stored at
the beginning of each cycle. This can be ensured through appro-
priate sizing of Cy and proper precharge during system startup.
Furthermore, substituting (2 init = C2 V5 init and simplifying
(18) results in

G
Cy 4+ Cy
This result indicates that the lowest value of v has to be larger

than the maximum ripple of v,; (i.e., as shown in the voltage
waveforms in Fig. 5, the dashed blue signal has to be higher than

1
3 Gy V022,init > 2 (20)

VCQ,init > |Av01,max| = ‘Avab,max|~ (21)
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the dash-dotted red signal any time within a cycle), which can
be ensured by proper sizing of C; and C and proper precharge
of Csy. To facilitate calculation, (20) and (21) can be written as

VC1Co Ve init = 2| A1 max] (22)
and

C1Cy

——— Voo > |A x| 23

Cl+02 C'2,init ‘ q1,ma| ( )

where Agqj max is a known variable determined by the load.
The parameters C, Co, and V5 j,;¢ need to be selected within
these constraints in the design. In fact, it can be derived that
(22) holds as long as (23) is satisfied, so in practice, (23) is a
sufficient design constraint. Based on the aforementioned con-
straint, the circuit parameters of the example in Fig. 5 are chosen
as C7 =100 pF, Cy =430 pF, and V5 juic = 90 V. Note that
although the capacitance of C is larger than C, C is rated
at a much lower voltage, so its physical volume in a practical
implementation will be smaller than that of C', as demonstrated
in Section V.

In general, given the full-load inverter current, the selection of
capacitors C' and Cy can be optimized for the smallest volume
under the constraint defined in (23) [45]. The choice of other
components such as L and C'5 is based on efficiency and ripple
considerations in the same way as in typical converter designs,
and is introduced in Section V. Although the aforementioned
analysis is for a full-bridge converter, it applies to non/inverting
buck—boost converter and other circuit topologies as well, as
long as (17) is modified accordingly. The full-bridge converter
was chosen here because it enables higher capacitor utilization
of (1, as it allows for bipolar voltage swing. A benefit of using
a noninverting buck—boost converter is that it relaxes the en-
ergy storage requirement on Cs, since it does not require v
to be larger than v,;,. The optimal topology for the smallest
overall size depends on the bus voltage and load current of the
application, as well as practical implementation issues such as
component selection. A detailed comparison will be pursued
in future work. The rest of this paper will focus on the full-
bridge topology for control implementation and experimental
verification.

IV. CONTROL IMPLEMENTATION

While (15) reveals the duty ratio of the proposed buffer ar-
chitecture during its operation, it is not the most suitable form
for real-time control implementation. Instead, we propose a cur-
rent hysteresis control method to reduce the required real-time
computation. Moreover, real-world factors such as loss and mea-
surement error may greatly affect the performance of the buffer.
In this section, we identify these control challenges and describe
our solutions.

A. Control for Bulk Energy Buffering

The key to maintaining a constant bus voltage is to precisely
control the buffer current 41,,¢ to match the difference between
the dc source current I pc and the inverter current 4y, as
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shown in Fig. 4(b). This difference equals to the ac component
of 4y, since Is pc and 4;,, have the same average value.

The inverter current i;,, is, therefore, measured and band-
pass filtered to extract its double-line-frequency component (i.e.,
tinv.ac) and used as the reference for 4y,,,¢, as illustrated pictorially
in Fig. 4(b). The bandpass filter consists of a low-pass filter in
the analog sensing circuit and a digital moving average filter in
the microcontroller. The low-pass filter in the analog sensing
circuit is intended to filter out the switching ripple of the in-
verter. The moving average filter at 120 Hz is implemented in
the microcontroller to obtain the dc component, and the mea-
sured signal is substracted by the dc component. This effectively
forms a high-pass filter to remove the dc component. Note that
iput should take the opposite value of 4ipy ¢, 1-€., thuf = —%inv.acs
as indicated in the figure.

Inductor current hysteresis control is employed in this ap-
plication to ensure that ¢,y closely follows the reference. The
widely used constant frequency feedback control techniques
such as average current-mode control [25] is not used as it is
challenging to implement in this application: although current-
mode control with bidirectional power transfer capabilities has
been proposed [26] in other scenarios, small-signal analysis of
the full-bridge buffer converter in this architecture reveals that a
low-frequency right half-plane zero (RHP) exists in the system.
The frequency of this RHP approaches dc when 4y,,+ approaches
zero value (which happens every cycle given its sinusoidal na-
ture), making the system very hard to stabilize. Given these
small-signal characteristics of the proposed architecture, the in-
ductor current hysteresis control is chosen instead.

Note that the proposed current control method reacts only
to the ac component but not dc component of i, so the buffer
branch behaves like a virtually infinite capacitor to the twice-
line-frequency current, while it does not affect the dc bus voltage
level at all. The dc bus voltage level is set by other circuits
external to the buffer (e.g., the power factor correction (PFC)
front end in a ac/dc converter), so the proposed buffer circuit can
be seamlessly integrated into existing ac/dc or dc/ac converter
as a dc bus capacitor replacement, without changing the existing
design or control method of these systems.

B. Capacitor Cy Voltage Balancing

Since the main capacitor C) is connected in series with the
buffer converter, ideally 4y,,,y should be a pure 120-Hz ac wave-
form such that the voltage across C is balanced in each cycle. In
steady-state operation, the cycle average (i.e., dc component) of
vo1 should equal the bus voltage and the average of v,; should
be zero. In practice, errors from multiple sources exist in the
current hysteresis control, so ¢y, might contain a small dc com-
ponent. This dc offset error, if left unchecked, will keep charging
or discharging C over multiple cycles and cause the average
values of vy and v, to drift. As mentioned in Section III,
the amplitude of v,;, has to remain smaller than that of vco
for the correction operation of the full-bridge buffer converter.
Therefore, this drift, if left uncompensated, will accumulate and
eventually disrupt the operation of the buffer converter. In our
proposed control scheme, v,; is measured and averaged every
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120-Hz cycle. As shown in Fig. 4(b), the error between the aver-
age of v,; and its reference value (i.e., 0 V) is passed through a
proportional-integral (PI) controller to generate a dc correction
term Ad,y. This term is added to the reference of 4y,,¢ to correct
this dc offset, such that the buffer current is pure ac.

C. Capacitor Cy Voltage Balancing

In the proposed architecture, C5 is charged through the buffer
converter and since the buffer current 4y,,¢ is pure ac, ideally the
voltage across Cy should be balanced every cycle such that its
average value remains constant. In practice, however, the buffer
converter incurs certain power loss while charging and discharg-
ing C5 in a cycle. If uncompensated, such loss will gradually
decrease the average voltage of Cy over multiple cycles to the
point that v is lower than v,;, and the normal operation of the
full-bridge converter is disrupted. Care has to be taken in any
effort to directly extract additional current from the dc bus to
charge Cs, since it will create a dc offset in 4;,,, and cause C im-
balance. This would conflict with the control loop that balances
(. Adding a dedicated auxiliary circuit to draw power from the
dc bus to charge Cy and compensate for this loss is also unde-
sirable since it contradicts the goal of small converter volume
and low component voltage stress. In this study, we develop a
compensation scheme that makes use of the existing small bus
voltage ripple to provide extra energy to C without affecting
C'. The derivation of this compensation scheme is presented
below.

Consider the buffer current reference iy, in Fig. 4(b) where
a compensation term Aics (¢) is added such that

Z.buf - _iinv,a(: + AiC27 (24)

where i,y ac 1s the ac component of #;,, as discussed in Sec-
tion IV-A. At the same time, in periodic steady state, the dc
component of #;,, should equal the dc source current i, i.e.

< > = Igpc. (25)
By the KCL, at the output node
is = but + finy- (26)
Substituting (24) and (25) into (26) renders
is = (—finv,ac + Aica) + (< finy > +iiny.ac)
= Igpc + Aics. (27

As ip,,r flows through (', the instantaneous voltage on C is

for ibude
ver(t) = Voipe + B (28)
1
Moreover, in steady state
Veipc =Vs — Ry X Ispe. (29)

Ignoring the effect of the small filter capacitor Cy,s, it can be
shown that

Vo1 + Vah = Upus = Vs — Ry X . (30)
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Substituting (27)—(29) into (30), the voltage across terminal a
and b of Fig. 4(b) is given as

vap = Vs — Ry X (Ispc + Alga) —ven
t .
wrd
_ AigyR, — o tourdT. (31)
Cy

Furthermore, based on (28), maintaining the average voltage on
C) every twice line frequency cycle requires

1
vl (120) =vc1(0) = Ver,pe

= / Zbude =0. (32)
0
Since i,y o 1s pure ac at 120 Hz
1
120
/ Z‘inv,acd’r = 0. (33)
0

Combining (24), (32), and (33) yields the constraint on the
compensation term Aigo, i.e.,

™0
/ Aicgd’l’ =0.
0

This constraint suggests that a good compensation term for C'y
voltage balancing would be a pure ac signal at 120 Hz.
The net energy flowing into the buffer converter within one

cycle is
1
/ 120
0

Substituting (31) and (24) into (35) results in (36), shown at the
bottom of the page. Furthermore, we can make the observation
that if Aiqo takes the form

(34)

Econv = Uabibufdt- (35)

AiCQ = _Kiinv,ac; (37)

where K is a multiplying factor, (37) certainly satisfies the
constraint outlined in (34) since %,y 4 s a pure ac waveform at
120 Hz. Moreover, with Aigs given by (37), the buffer converter
net energy given by (36) can be simplified as shown in (38),
shown at the bottom of the page. Note that since i,y ¢ i @

pure sine wave, fot Tiny acdT Will be exactly out of phase with
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Tinv.ac- Lhus, the integral of their product over a full cycle is
zero. Therefore, the second term in (38) equals zero and

1
120
Eeony = —K(1 + K)R, / iy e dt. (39)
0

Aslongas —1 < K < 0, the net energy will be larger than zero
to provide loss compensation to the buffer converter. At the same
time, this compensation will not affect the average voltage on
(1 since it satisfies (34). The average power loss compensation
this scheme can provide is given by

conv f7

where f is the twice line frequency. Note that in principle, this
compensation scheme is effective not only with pure 120-Hz
waveform but also when higher order harmonics are present,
such as in certain PFC applications. Analysis and experimental
verifications of such applications are in progress.

To implement this compensation, the average value of vco is
measured every cycle. A PI controller is employed to adjust K
between —0.5 and 0 based on the error between the measured
average and desired reference value of v.» to maintain the av-
erage voltage level of Cy, as shown in Fig. 4. The parameters
of the PI controller are fine tuned manually to obtain a good
response. Essentially, this compensation scheme intentionally
adjusts 4y,,,¢ to slightly mismatch i,y ,. to create a small dc bus
ripple represented by Aics Rs. As will be shown in the experi-
ment, in steady-state operation, the bus voltage ripple is typically
less than 2% of the nominal bus voltage in all load range, while
providing enough compensation to maintain C' voltage. During
startup, as the dc bus voltage increases, the C', voltage balancing
loop naturally charges C5 to the desired voltage level.

Fig. 6 plots the power loss compensated by this scheme as a
function of the input current ripple amplitude during full-load
(2 kW) operation of the buffer. The maximum amount of energy
compensation that this scheme is able to provide in each cycle
can be calculated from (39) with K = —0.5. Under full-load
condition, this compensation scheme can compensate for an av-
erage power loss of up to 31W. Given that the buffer converter is
only processing an average power of about 100W as discussed
in Section III, the proposed compensation scheme is practi-
cally feasible, even for very low efficiency converters. As the

P, comp — (40)

Econv = / AzC2 Rszbufdt - 6 / Zbufd'r Zbufdt
0 1.Jo 0

1
‘ 1 [0/
__ [ Aico Ry (—iiny ac +Aico)dt — ol /120 (/ (—finv,ac T Aicz)d7'> (—finv,ac + Aiga)dt (36)
0 1.Jo 0
o Lo
Econv = —/ —K'L.in\v.acRs(_l - K)iinvﬁacdt A / (/ (_1 o K)iinv,a(:d7-> (_1 B K)iinv"%dt
0 Cl 0 0
o 1+ K)? [0 ([t
— _K(K+ DR, / 2 g UK / (/ - acd7> v acdt (38)
0 o Gi 0 0 7
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Fig. 6. Power provided by the proposed C compensation scheme as a func-
tion of the input current ripple amplitude under full-load condition.

load current decreases, the compensation capability decreases
as well, but the power that needs to be processed by the buffer
converter also decreases, so the power loss is also reduced. A
light-load control scheme will be introduced in Section IV-F to
further reduce the power loss at light-load condition. The pro-
posed compensation scheme thus scales well with different load
power levels.

It is important to note that besides loss compensation, this Cy
voltage balancing feedback loop also improves current match-
ing of ihys tO Ziny.ac. While the C voltage balancing feedback
loop eliminates the offset error (dc component) as discussed in
Section IV-B, the C5 voltage balancing feedback loop corrects
the gain error (ac component magnitude mismatch). To see this,
suppose the magnitude of 7t is considerably smaller than that
of Ziyy ac because of a gain error. This mismatch will cause a
undesirable ripple on the dc bus voltage. Conceptually, this mis-
match has the same effect as if there is no gain error, but the
multiplying factor K is too close to —0.5. As a result, according
to (39), C5 will have more energy compensated than the loss, so
vee Will increase. The C; voltage balancing feedback loop will
then adjust K and thus Aigo to balance veo. This effectively
corrects the mismatch between 4y,¢ and Ziny oc With Aico, ex-
cept for the small amount of mismatch intentionally introduced
for C'y compensation. In other words, the C'y voltage balancing
loop will minimize the gain error of current matching, and thus
the dc bus voltage ripple, while maintaining sufficient compen-
sation to C to keep its average voltage at the desired level.

D. Steady-State Simulation

A simulation in PLECS is performed to verify the circuit de-
sign calculated according to Section III and the control method
just presented previously. The circuit parameters used in the
simulation are listed in Table I. The design requirements are
specified according to [24] and the capacitor sizing are chosen
following the design procedure, as discussed in Section III-C.
Other circuit parameters in Table I such as filter inductor
Ly are chosen according to the general design procedure of
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TABLE I
BUFFER DESIGN EXAMPLE

Application requirements ~ Nominal power 2 kW

Nominal input current SA

DC source voltage 450V
DC source resistance 10 Q
Circuit parameters Main capacitor C'; 100 uF
Support capacitor C'y 430 uF
Filter inductor L y 94 uH
Filter capacitor C'3 1 uF
DC bus capacitor C', 5 5 uF
Current hysteresis band Tef =2 1A

Current wavetorms

Current [A]

Ly == =i '-‘-‘Zbuf|,,_

0 5 10 15
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Fig.7.  Simulation waveforms in PLECS illustrating steady-state operation of
the series-stacked buffer architecture. Note that i 9 in the simulation contains
current ripple due to the converter switching, while the ¢ 9 waveform shown in
this figure is a low-pass-filtered version for better clarity of illustration.



QIN et al.: HIGH POWER DENSITY SERIES-STACKED ENERGY BUFFER FOR POWER PULSATION DECOUPLING IN SINGLE-PHASE

4915

Current waveforms

2 N
= ! "
9] R I IR
;5: o "I‘_
-10 ] [T
180 200
>
(0]
= :
8 : : : :
S , , : : : :
> | Iactivated : : clhange | : :
75
0 20 40 60 80 100 120 140 160 180 200
Vc1 waveform
500 T T T T T T T T T T
Sasod ANANAAAANANNNDNAANANR - | =y |
gn 400k '
= LY vyyywvywyivvvyy. . . oV YV 4L
> 350 : g : : : :
300 | | | | | | | | | |
0 20 40 60 80 100 120 140 160 180 200
Ubus waveform
420 T T T T T T T T T
= 410 — ]
(0]
%D 400
<
> 390 B B B B
380 ] ] ] ] ] ] ] ] ] ]
0 20 40 60 80 100 120 140 160 180 200
Time [ms]

Fig. 8.

Simulation waveforms in PLECS illustrating the effects of the voltage balancing compensation loops during transients. Initially, no compensation loop

is activated. At ¢ = 30 ms, both compensation loops are activated. At ¢ = 83.3 ms, the load current takes a step change from 5 to 3.75 A. At¢ = 125 ms, the load

current takes a step change from 3.75to 5 A.

magnetic-based converters. The control method is implemented
with C-script in the PLECS simulation. The simulation incor-
porates practical factors such as loss in the converter, analog-to-
digital converter (ADC) sampling delay and quantization, etc.
The simulated waveforms are shown in Fig. 7, which matched
closely with the calculated waveform in Section III. Note that
ico in the simulated waveform contains current ripple due to
the converter switching, while i¢9 in the calculated waveform
is the low-pass-filtered version of its simulated counterpart.

E. Transient Simulation

The two voltage balancing control loops maintain the voltages
on the capacitors during steady-state operation and also make
them settle quickly to a new steady state in case of a load
transient. To demonstrate the effect of these voltage balancing
control loops, a PLECS simulation example is illustrated in
Fig. 8. The simulation condition is the same as in Table I expect
that the load power experiences a step change. As shown in
Fig. 8, no compensation loop is activated initially, so the average
voltage of C' keeps decreasing owing to the converter loss. Once
the compensation loops are activated (at t = 30 ms), the average

value of v¢9 is regulated. Since this compensation scheme takes
advantage of the existing ripple, it does not add much extra
ripple to the dc bus in steady state, as illustrated by the bus
voltage waveform of Fig. 8. In the event of a load change,
the C; compensation loop quickly adjusts the average value of
ve1 such that the bus voltage settles to the new steady state
within just a few cycles. The average value of v is maintained
throughout this process.

FE. Implementation Considerations for Light-Load and
Reactive-Load Conditions

As shown by (27), the compensation term Aico adds a
ripple to the dc input current. Some applications require
the ripple current to be smaller than a certain percentage of
the dc value (e.g., 20% in [24]), which imposes a limit on the
value of K. At the same time, the amount of buffer converter
power loss that can be compensated is quadratically propor-
tional to the ac component of the inverter current %,y ac, as
calculated in (39). Note that the buffer converter current ide-
ally equals to %,y ac. Therefore, to adequately compensate the
buffer converter power loss while still staying within dc side
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TABLE II
COMPONENT LISTING FOR THE ACTIVE ENERGY BUFFER

Component Mfr. and Part number Parameters Notes

GaN FETs EPC EPC2016C 100 V, 16 m§2

Capacitors (C,y5) TDK C5750X6S2W225K250KA x 10 450V, 2.2 uF 0.431pF at 400V
Capacitors (C'1) TDK C5750X6S2W225K250KA x 239 450V,2.2 uF  0.431uF at 400V
Capacitors (C'y) TDK CGA9P3X7S2A156M250KB x 126 100V, 15 uF 3.44,F at 80V
Capacitors (C'3) TDK C3225X5R2A225M230AB x 2 100V, 2.2 uF

Inductors (L1, L) Vishay IHLP6767GZER470M1 1 8.6 A, 47 uH

Power isolators
Logic level shifters
Microcontroller
Current Sensing Amp
Voltage Sensing Amp

Analog Devices ADuM5210

Linear Technology LT1999
Linear Technology LT1990

Texas Instruments SN74LV4T125PWR
Texas Instruments TMX320F28377D

ripple specifications, the buffer converter power loss needs to
scale quadratically with 4;,)y » as well. In other words, the buffer
converter power loss needs to scale quadratically with the buffer
converter current.

The power loss calculation of synchronous buck/full-bridge
type converters has been thoroughly studied in the literature
[27]-[29] and this paper will not repeat the details. At a high
level, the conduction related losses (MOSFET on-resistance, ca-
pacitor equivalent series resistance, winding, and sensing resis-
tance) scale quadratically with the converter current that aligns
well with the loss compensation capability as discussed previ-
ously. The switching related losses scale quadratically with the
voltage (capacitive turn-on), or linearly with the product of both
(MOSEFET overlap), or other factors (core loss, gate drive loss).
To align scaling of these switching losses with the converter
current as well, we also need to scale the converter voltage with
converter current. We observe that the highest voltage applied
on the buffer converter switches is v¢co; at the same time, as
the load current decreases, the magnitude of v,; decreases pro-
portionally as well. Therefore, as long as vco stays above the
peak value vy, it can be adjusted according to the magnitude of
Tinv,ac to minimize loss. To this end, the reference value for voo
in the aforementioned PI control loop is set to be proportional to
the magnitude of i,y ac, such that the switching losses (except
for the gate drive loss and core loss) now scale quadratically
with the load current. Finally, the width of the hysteresis band
for the current hysteresis control is adjusted according to the
load current magnitude as well. This adjustment changes both
the inductor current switching ripple and the converter switch-
ing frequency to dynamically balance the conduction losses and
the switching losses, such that the remaining core loss and gate
drive loss is alleviated at light load and the overall power loss
is at a minimum. Since it is not easy to precisely calculate all
the power losses, the equations for scaling the reference of v
and the hysteresis band are determined through empirical fine
tuning after first-order loss calculations.

The proposed buffer architecture and control scheme work
naturally with reactive loads without any modification. It only
requires some care to be taken in the hardware implementation:
since 4;,, will have negative instantaneous value with reactive
load, the current measurement hardware needs to be capable of
bidirectional current measurement.

[ o
EPC2016C To DC source To inverter
CT —O
- -~ L, !
Co—
¢ s
-
=~ LT1999
YLT1990 by
vy vy
Ve i Vab liny
Analog peripherals
TMX320F28377D
= PwM
ES
Fig. 9. Schematic of the hardware prototype. Control outputs (PWMs) are

highlighted in red and control inputs (measurements) are highlighted in blue.
The gate driver for GaN transistors and the resistor voltage dividers for v¢ o and
v,p Measurement are omitted for simplicity.

V. HARDWARE PROTOTYPE

A hardware prototype has been built to demonstrate the
proposed buffer architecture. Table II lists the main com-
ponents used and Fig. 9 provides a simplified schematic of
the prototype.

The main capacitor C is implemented with 239 2.2-uF,
450-V ceramic capacitors. This capacitance, at first glance,
seems to be much larger than the 100 pF calculated for C
in Section III-B. This is because the voltage derating of the
multilayer ceramic capacitor has to be considered. For the se-
lected capacitor, 2.2 uF is the capacitance at zero voltage bias,
while the effective capacitance at 400 V is only approximately
0.43 pF[2]. Therefore, 239 capacitors yield a total capacitance
of 103 uF at 400 V. Similarly, 126 15-uF, 100-V ceramic ca-
pacitors are used for Cy, yielding a total capacitance of 433 pF
at 80 V considering derating. Capacitors C'3 and C},s are only
for switching frequency filtering purposes and are implemented
with only a small number of capacitors.

Each current signal used for control is measured with a current
sensing resistor and an LT1999 amplifier. Each voltage signal
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Fig. 10.

Hardware prototype.

is measured with a resistor voltage divider and an LT1990 dif-
ference amplifier. A TMX320F28377D microcontroller is used
to process these signals, execute the proposed control scheme
and generate the PWM signal for the power stage. Signals of
Vo2, Vg, and 4y, are sampled by the on-chip ADC and 77, is
connected to the built-in analog comparator of the microcon-
troller. The PWM module of the selected microcontroller can
directly achieve SR latch logic necessary for the inductor cur-
rent hysteresis control while still allowing for insertion of PWM
deadtime, therefore, providing an ideal one-chip solution for the
proposed control scheme. A flyback dc—dc converter is also im-
plemented as an auxiliary supply to draw control power from
the dc bus.

The power stage is implemented with EPC2016C GaN
switches on a custom made half-bridge module printed circuit
board (PCB). The low transistor voltage stress allowed by this
architecture enables the use of this 100-V GaN FET, switching at
hundreds of kilohertz for small inductor size. In this implemen-
tation, the switching frequency varies between 100 and 350 kHz
due to the current hysteresis control.

Annotated photographs of the hardware prototype are shown
in Fig. 10. Most of the ICs including the GaN modules and the
microcontroller are placed on the front side of the board, while
the energy storage components (i.e., C, Cy, Ly and Ly) are
placed on the back side. Table III lists the volume breakdown of
the prototype. It should be noted that the current hardware pro-
totype is designed to fit with a single-phase inverter together into
one enclosure for the best overall power density, as presented in
[30]. As highlighted in Table III, the enclosed box volume is still
considerably larger than the total component volume. Further
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TABLE III
HARDWARE PROTOTYPE VOLUME BREAKDOWN

80.0 cm® (4.88 in®)
32.9cm® (2.01in%)

Total rectangular box volume
Total energy storage component volume

0.7 cm® (0.043 in®)
19.1 cm® (1.16in%)
9.0cm? (0.55in’)
4.1cm® (0.25in%)

25 W/em?® (410 W/in®)
60.8 W/em?® (995 W/in®)

Chys volume
C'y volume

C'y volume
Inductor volume

Power density by box volume

Power density by component volume

Custom-made inverter

........ -

DC

resistor box | !
iy -
!

i Hardware
\ Prototype

Magna-Power
XR1000

% Load

AC

Fig. 11.

Experimental setup.

size reduction is thus expected through layout optimization if
the buffer is considered as a standalone unit.

VI. EXPERIMENTAL RESULTS

Experiments are performed on the hardware prototype to ver-
ify the performance of the proposed buffer architecture. The
experiment is configured as in Fig. 11, according to the specifi-
cations in [24], where a power supply (Magna-Power XR/1000)
is connect to the dc side of the buffer through a 10-2 resistor
and a custom made 2-kW inverter [30] is connected to the ac
side of the buffer.

A. Steady-State Operation

Figs. 12 and 13 illustrate the operation of the buffer architec-
ture in the experiments. The dc source voltage is set to 450 V. The
inverter load is drawing a 10-A peak-to-peak shifted sinusoidal
current 7;,, and the control of the buffer converter enforces a
buffer current 2, equal to the ac component of ¢;,,, as shown
in Fig. 13. Note that Fig. 13 shows the waveform of —i,; in-
stead of iy, ,¢, to allow for easier illustration that 7;,,; resembles
the shape of the ac component of 4;,,. Also note that the buffer
capacitors also function as the input capacitor of the inverter, so
the current ripple due to inverter switching (at 120 kHz for the
inverter used here) is present in é;,,, and ip,¢. A low-pass filter
is applied to the measured 4;,,, in the control implement such
that the control will only respond to the double-line-frequency
ripple but not to the switching ripple. As a result of the buffer
operation, the input current 7, is an almost constant 5 A with a
small ripple.
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Fig. 12. Experimental waveforms of the C voltage vc; (channel 1), Co
voltage v¢ro (channel 2), bus voltage vy,,5 (channel 3), and terminal ab voltage
vqp (channel 4) during the full-load operation of the buffer.
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Fig. 13. Experimental waveforms of the C; voltage v (channel 1), input
current 7, (channel 2), inverter current 7;,, (channel 3), and buffer current in its
reverse direction —ip, ¢ (channel 4) during the full-load operation of the buffer.

As observed from the experimental measurement in Fig. 12,
the main buffer capacitor C'; has a large voltage swing of 120V,
indicating high energy utilization of this capacitor. Due to the
buffer control, the voltage across terminals a and b varies com-
plimentary to this voltage swing such the sum of these two, i.e.,
the bus voltage, remain nearly a constant with only very small
ripple below 5 V as shown in Fig. 12. The v,, waveform is
symmetric with respect to zero, indicating that the v-; PI com-
pensation loop is functioning properly to remove the dc offset
in the buffer current. Moreover, the voltage of (5 is held at 80 V
with small ripple, indicating that the v¢o PI compensation loop
is indeed extracting extra power from the bus voltage ripple to
compensate for the buffer converter power loss and maintain the
power balance of Cs.

As a benchmark reference, in order to achieve the same 5 V
bus voltage ripple with the conventional passive decoupling, C
would have to be as large as 2654 pF, which can be calculated ac-
cording to (1). Note that in the experiment, the dc source is 450 V
with a 10-€2 resistor. During full-load operation, the bus voltage
is 400 V, but during very light load, the bus voltage rises to close
to 450 V. If dc-link capacitors are used, the capacitors have to be

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 32, NO. 6, JUNE 2017

TekStop.

O -20.00ms & 5.480A
O 20.00ms 4720 A
A40.00ms__[[A760.0mA

O

5A]
396V

81V

25.0M5/5 @ ; o000V
1M points

Fig. 14. Experimental waveforms of the input current 75 (channel 1), Co
voltage vco (channel 2), bus voltage vy, (channel 3), and C3 voltage veg
(channel 4) in the full-load (2 kW) condition. The input current ripple is 760 mA
as highlighted on the top right corner.

rated at 450 V, which is approximately the same voltage rating
for 'y in the series-stacked buffer prototype. If electrolytic ca-
pacitors were used (we consider Nichicon UCP2W121MHD6
as an example) for this 2654-uF capacitance, at least 95 cm?
is required for the capacitance. In practice, designers should
consider the RMS current rating, the temperature rise limit and
component lifetime, which typically results in even larger vol-
ume when electrolytic capacitors are used. If the same type of
long-lifetime, low-loss ceramic capacitors were used, this ca-
pacitance would result in a volume of 506 cm®, much larger
than the volume listed in Table III.

B. Light-Load Operation and Input Current Ripple

As discussed in Section IV-F, the ripple in the input current
needs to meet strict requirements, so special light-load consider-
ations are taken in the control to ensure that input current ripple
scales with power level. This part of the experimental is to verify
this light-load functionality in the control.

The operation of the buffer under full-load (2 kW) conditions
isillustrated in Fig. 14 with the input current ripple measurement
highlighted. The input current is approximately constant at 5 A
with a ripple as small as 760 mA (15%). The operation of
the buffer in the half-load (1 kW) condition is illustrated in
Fig. 15 and in the quarter-load (0.5 kW) condition is illustrated
in Fig. 16 (note the y-axis scales are different in Figs. 14—16). As
marked in Figs. 14—16, while the load power level decreases,
the average input current decreases. The reference of vco is
also reduced accordingly to reduce the buffer converter power
loss such that smaller ripple is needed for loss compensation,
as discussed in Section IV-F. As shown in Figs. 15 and 16,
the input current ripple indeed scales down with the average
input current value. Fig. 17 plots the input current ripple as a
function of the average input current. Because of the light-load
control scheme, the ripple stays well below 20% except for very
light-load conditions. In very light-load conditions, as the input
ripple current becomes very small, the effect of the dc bus filter
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Fig. 15. Experimental waveforms of the input current i, (channel 1), Cy

voltage vco (channel 2), bus voltage vy, (channel 3), and C3 voltage v
(channel 4) in the 50% load (1 kW) condition. The input current ripple is 340 mA
as highlighted on the top right corner.
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Fig. 16. Experimental waveforms of the input current i; (channel 1), Cy

voltage vco (channel 2), bus voltage vy,,5 (channel 3), and C3 voltage vc3
(channel 4) in the 25% load (0.5 kW) condition. The input current ripple is
250 mA as highlighted on the top right corner.
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Fig. 17.  Current ripple in dc source current ¢, under different power levels.
Each power level is indicated by its average dc source current.
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Fig. 18. Experimental waveforms of the input current i; (channel 1), Co

voltage vco (channel 2), bus voltage vy,,5 (channel 3), and C3 voltage vc3
(channel 4) during a 25-50% load step transient.
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Fig. 19. Experimental waveforms of the input current 75 (channel 1), C
voltage vco (channel 2), bus voltage vy,,5 (channel 3), and C3 voltage vc3
(channel 4) during a 100-75% load step transient.

capacitor Cy,, s absorbing part of the ripple current can no longer
be neglected, which impairs the loss compensation capability
specified in (39). Therefore, the current ripple saturates at about
200 mA in very light-load conditions.

C. Transient Operation

Fig. 18 demonstrates the buffer architecture responding to a
load step change from 25% to 50%. The bus voltage settles to
the new steady state within a few cycles and the voltages of
(5 and (Y return to the reference value after a short transient,
suggesting the effectiveness of the proposed control scheme.
The input current ripple increases during this transient to provide
extra energy to charge up Cs. Similarly, the transient of a load
step change from 100% to 75% is shown in Fig. 19.

D. Reactive-Load Operation

Fig. 20 demonstrates the buffer architecture operating with
a reactive load. The output of the inverter is connected to a
2-kVA load with 0.72 leading power factor. Compared to the
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Fig. 20. Experimental waveforms of the input current i, (channel 1), C5
voltage vco (channel 2), bus voltage v}, (channel 3), and C3 voltage vog
(channel 4) in a reactive-load (2 kVA, PF=0.72) condition.
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Fig.21. Experimental waveforms of the input current 75 (channel 1), inverter
ac output voltage va ¢ (channel 2), Cy voltage v o (channel 3), and bus voltage
Uhys (channel 4) during the startup.

2-kW pure resistive load operation in Fig. 14, the average input
current is lower and the bus voltage is higher in this reactive load
condition due to smaller real power, but the magnitude of vc3
and the average of vco is almost the same given that the load
current i, is of the same magnitude. The buffer architecture
operates the same with a lagging reactive load, since leading
and lagging load with the same power factor will give identical
load current ;.

E. Startup

The startup sequence of the entire system including the in-
verter and the series-stacked buffer is shown in Fig. 21. Upon
startup, the system is connected to the 450-V dc source and
10-Q2 resistor through a soft-start circuit. This soft-start circuit
is essentially a MOSFET in linear region to limit the inrush cur-
rent into the capacitors. More details about this soft-start circuit
is introduced in [30]. Such inrush current limiting mechanism
is often found in systems with dc-link capacitors as well. As
the soft-start circuit is enabled, the buffer converter is switching
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Fig.22.  Efficiency of the buffer architecture as a function of the output power

level with 450-V dc source voltage (dc bus voltage varies due to the 10-£2 source
resistor).

at a constant duty ratio of 0.5, such that v,, = 0. Therefore,
C} is connected across the dc bus and is gradually charged
up. Once the bus voltage reaches a certain level (200 V in this
case), the buffer converter changes the duty ratio to 1, which
effectively connect C and C] in series, so both of them are
being charged and the bus voltage continues to rise. When the
bus voltage reaches 300 V, the inverter is enabled and starts the
ac output. This is in accordance with the requirement in [24].
Once there is ac output, current and voltage ripple are present
on the dc side, then the loss compensation loop presented in
Section IV can effectively balance all the voltages. Therefore,
all the control loops during normal operation are enabled at this
point. The voltage on C’ is automatically adjusted to the right
value according to the load power, as discussed in Section I'V-F.
Note that in Fig. 21, the voltage on C5 is regulated to a rela-
tively low value as it is a light-load condition. The bus voltage
continues to rise to above 400 V, and then, the soft-start circuit
is bypassed by a fully-on switch, which completes the startup
sequence. Note that it is preferable to start with a light load on
the ac side, as it is the case for Fig. 21. This is because once the
ac output is enabled, the input current 7, increases depending
on the load power level, which puts additional thermal burden
on the soft-start circuit. Light-load condition reduces the time
needed for the bus voltage to rise from 300 to 400 V and the
power loss on the soft-start circuit.

F. Efficiency Measurement

The efficiency of the hardware prototype is evaluated. Since
the power loss is very small compared to the total processed
power, care must be taken to perform accurate power measure-
ment free from the interference of ripples, etc. To this end, we
adapt the efficiency measurement setup intended for evaluating
film and ceramic capacitors (both of which have very small loss
factor) from [2]. A Yokogawa WT310 digital power meter is
connected as shown in Fig. 11. The integration function of a
Yokogawa WT310 power meter is used to measure the energy
flowing into and out of the buffer branch for many line cycles.
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TABLE IV

COMPARISON OF THE PROPOSED SERIES-STACKED BUFFER AND PREVIOUS WORK IN THE LITERATURE
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Reference Decoupling Method Power Efficiency Volume (in®) Energy Density Bus Voltage Ripple
Level (W/inch?)
W)
This paper Series-stacked buffer 2000 Above 98.9%, peak By component: 2.01, by component: 995, 2.5%
(active) 99.4% by rectangular box: 4.88 by rectangular box:
410
Chen et al. TPELS 2013 [15] SSC (active) 135 Above 95.2%, peak 97% By component: 1.7 by component: 79.4 20% (estimated)
Tang et al. TPELS 2015 [12] Symmetrical half-bridge 1000 98% (estimated) By component: > 35 by component: <57 3% (estimated)
buffer (active) (estimated) (estimated)
Wang et al. TPELS 2011 [6] Full ripple port buffer 15000 98% (estimated) By rectangular box: by rectangular box: 5% (estimated)
(active) 347.8 (estimated) 43 (estimated)
Lyu et al. JESTPE 2016 [31] Series voltage 2000 Above 92.7%, peak By rectangular box: by rectangular box: 3%
compensator (active) 96.3% 36.54 (including inverter) 55 (including
inverter)
Neumayr et al. ECCE Full ripple port buffer 2000 Peak 98.7% By component: 2.9 (no by component: 689 <3%
Asia 2016 [32] (active) cooling), by rectangular (no cooling), by
box: 4.7 (with cooling) rectangular box: 425
(with cooling)
Zhao et al. JESTPE 2016 [33] LC filter (passive) 2000 Peak 99.8% (estimated) By component: 4.3 by component: 465 <3%
(estimated) (estimated)
Zhao et al. APEC 2016 [34] Front-end buck converter 2000 Peak 99.6% By rectangular box: 6.6 by rectangular box: 0.8%

(active)

303

The ratio of the integrated outflow and inflow of the energy gives
the buffer efficiency. The power measurements are conducted
and integrated for 30 s. The efficiency measurement result is
plotted in Fig. 22.

Note that the measured efficiency excludes the controller and
gate driver loss. This is because the auxiliary power (including
microcontroller, gate driver, sensing circuit, and cooling fans) is
shared between the buffer circuit and the custom-made inverter.
The auxiliary power for both of them is generated by the same
auxiliary supply circuit when the full system is running. It is
difficult to include the auxiliary power of the buffer part in the
digital meter measurement as shown in Fig. 11. Instead, we
estimate the auxiliary power for the buffer circuit alone is about
2.5 W. A detailed efficiency and loss breakdown of the overall
inverter system is presented in [30].

As analyzed in Section III, since the buffer converter is pro-
cessing only a fraction of the total power, the overall efficiency
of the buffer architecture is decoupled from the buffer converter
efficiency. The partial power processing architecture and con-
trol scheme together result in a buffer efficiency higher than
99% across a wide load range, which is even comparable to the
efficiency of passive decoupling with film or ceramic capacitors.

VII. COMPARISON

In this section, the proposed series-stacked buffer is compared
with the state-of-art solutions in the literature. The difficulty for
this comparison is that although there are a large number of
papers on active decoupling, very few publish the result of hard-
ware volume or power density. Some of the papers do not report
efficiency as well. In fact, to the best of our knowledge, among
publications before the year of 2016, only [15] directly gives
power density of the decoupling circuit. The power density in
[31] is given together with an inverter and the power density of

the decoupling stage alone cannot be inferred from the available
information. A few other papers on active decoupling such as
[6], [12], and [31], provide certain information (component se-
lection, photograph of the hardware prototype, etc.) from which
we make our best effort estimation. Many other solutions in
the literature either do not provide enough hardware informa-
tion for an estimate or have power density similar to or lower
than those compared here. The comparison result is listed in
Table IV, where the nominal power, measured efficiency, hard-
ware volume (by component volume and/or by the volume of
the rectangular enclosure), power density (by component vol-
ume and/or by the volume of the rectangular enclosure), and
ripple on the dc bus are compared. In general, the power density
of comparable solutions in the literature is at least an order of
magnitude lower compared to the series-stacked buffer archi-
tecture proposed in this study.

It should be noted that the recent Google/IEEE little box
challenge unveils a few high power density single-phase inverter
designs. Many of these designs incorporate high-power-density
decoupling circuits. Although details of most of the designs are
not available in the literature, upon the completion of this paper,
three such designs were published. The performance metrics
of these designs as presented in this papers are listed in the last
three rows in Table IV. We note that our solution achieves the
highest power density among these designs, and an efficiency
that is close to the best passive solution.

Compared to other solutions in Table IV, the fundamental rea-
son for the superior power density and efficiency achieved by
the series-stacked buffer architecture is that the series-stacked
topology allows for flexible tradeoff between the volume of the
energy storage capacitors and the filter inductor and enables
greatly increased efficiency owing to its partial power process-
ing characteristics. In previous magnetic-based topologies, such
as [6], [7], [11], and [12], the filter inductor is under the full
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voltage stress of the bus voltage, so the filter inductor is typi-
cally much larger than the energy storage capacitor. The SSC
topology [15] is on the opposite extreme where no inductor is
used but the capacitor volume is relatively large. There is a mid-
dle ground where the inductor volume is balanced with capacitor
volume for the minimum overall volume, but these aforemen-
tioned solutions do not allow tradeoff between inductors and
capacitors. Alternative topologies that allow such tradeoffs are
first proposed conceptually in [19]. The work in [10] and [35]
represents an earlier attempt on developing a topology that al-
lows such tradeoff, where the buffer converter only process the
capacitor ripple voltage and the relative volume of the inductor
and capacitors can be adjusted by choosing the magnitude of the
capacitor ripple voltage allowed. However, the range of tradeoff
is limited by the operating voltage of the ac/dc converter in the
system, as analyzed in Section II.

The proposed series-stacked topology is the first one to allow
free tradeoff across the full voltage range. The magnitude of
vqp in Fig. 4(b) basically determines the volume of inductors
and capacitors in the series-stacked buffer architecture and its
value can be chosen anywhere between 0 and V}, ;5 to minimize
the overall volume. Moreover, as the technology of inductors
and capacitors develop, the optimal point of their tradeoff might
change. New designs of series-stacked buffers can readily adopt
these changes, while the previous solutions do not allow such
tradeoff. A key issue that previously made practical realizations
of the application of the series-stacked buffer difficult is the
average current mismatch problem due to the series connection
of two components with different losses. In this study, we have
presented a control scheme that solves this problem with no
additional power stage hardware requirement.

VIII. CONCLUSION

In this paper, the advantages and drawbacks of previous power
pulsation decoupling techniques have been analyzed and a buffer
architecture combining their advantages has been proposed to
achieve high power density, high efficiency, and small dc bus
ripple. The operating principles and design constraints were de-
rived for the full-bridge topology and illustrated by simulation,
while the same analysis can be easily applied to other pos-
sible topologies such as buck—boost. We identify the capacitor
voltage imbalance problem imposed by the series-stacked struc-
ture and propose a compensation scheme that uses the ripples
in the bus voltage and the dc input current to our advantage.
The principle of the power loss compensation has been derived.
Light-load and reactive-load considerations are also discussed.
A hardware prototype was developed to demonstrate the pro-
posed idea. The experimental results verified a power density as
high as 410 W/in® by box volume and 995 W/in® by power com-
ponent volume. A high efficiency above 98.9% were measured
across a wide load range.

To summarize the reason why the proposed buffer architecture
achieves these superior features compared to the conventional
active decoupling techniques, two fundamental ideas stand out
as the key enablers. First, instead of blocking the high dc bus
voltage with switches directly, the bulk voltage is blocked by
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capacitors. Such arrangement mitigates the voltage stress on
the active circuit, so fast-switching transistors can be employed,
which enables the use of switching frequency to tradeoff for
energy density. This concept is similar to the idea behind many
multilevel converter designs [36]—[39]. Second, instead of di-
rectly processing the full power, the proposed buffer architecture
controls the full power by processing only a fraction of it. By
avoiding processing the full power in the first place, the overall
system efficiency is no longer limited by the power converter
efficiency and a highly efficient system can be built with less
efficient converters, similar to ideas explored in [40]-[44].
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