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Flying-Capacitor Linear Amplifier With
Capacitor Voltage Balancing for High-Efficiency and
Low Distortion

Hidemine Obara
Masaya Katayama

Abstract—This article presents a flying-capacitor linear ampli-
fier (FCLA) that achieves high efficiency, low harmonic distortion,
and low electromagnetic interference (EMI). A conventional class-
B linear amplifier cannot be used in power conversion applications,
because the power loss generated in active-state MOSFETs is high
compared with the loss generated in switching operations. In the
proposed FCLA, multiple series-connected MOSFETSs are used,
and only one MOSFET operates in the active state at a time.
Thus, the power loss generated in the MOSFETSs can be reduced,
and the FCLA can achieve high efficiency without performing the
switching operation. In this study, the features of the FCLA and
conventional linear amplifiers are theoretically compared and eval-
uated. Moreover, a voltage balancing control for flying capacitors
is proposed and verified through simulations and experiments. It
is demonstrated that the prototype 12-series FCLA achieves over
89% efficiency and generates low harmonics and low EMI. The
proposed configuration is useful for increasing the number of series
MOSFETs, and it contributes to realizing a power converter with
advantages such as low harmonic distortion, low EMI, and high
efficiency.

Index Terms—Diode-clamped linear amplifier, efficiency,
electromagnetic interference, flying-capacitor multilevel converter,
harmonic distortion, linear amplifier, power conversion.

I. INTRODUCTION

N general power conversion circuits, the switching opera-
I tion of semiconductor power devices is widely utilized to
achieve high efficiency. However, the switching operation causes
harmonic distortion and electromagnetic interference (EMI) be-
cause the respective voltage and current on the switching power
converters change abruptly [1], [2]. The passive components in
a circuit should be large to reduce the harmonic distortion of the

Manuscript received March 23, 2020; revised August 20, 2020; accepted
October 13, 2020. Date of publication October 28, 2020; date of current
version December 31, 2020. Paper 2020-IPCC-0529.R1, presented at the 2019
IEEE Applied Power Electronics Conference and Exposition, Anaheim, CA,
USA, Mar. 17-21, and approved for publication in the IEEE TRANSACTIONS
ON INDUSTRY APPLICATIONS by the Industrial Power Converter Committee of
the IEEE Industry Applications Society. This work was supported by JSPS
KAKENHI under Grants 18K13739 and 20H02126. (Corresponding author:
Hidemine Obara.)

The authors are with the Department of Electrical and Computer Engi-
neering, Yokohama National University, Yokohama 240-8501, Japan (e-mail:
obara-hidemine-mh@ynu.ac.jp; oono-tatsuki-dy @ynu.jp; katayama-masaya-
sm@ynu.jp; kawamura@ynu.ac.jp).

Color versions of one or more of the figures in this article are available online
at https://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TTA.2020.3034560

, Member, IEEE, Tatsuki Ohno
, Student Member, IEEE, and Atsuo Kawamura

, Student Member, IEEE,
, Fellow, IEEE

waveforms. Moreover, the structure of power converters should
be designed considering the stray inductance, which increases
the surge voltage.

Some types of linear amplifiers, such as the class-B amplifier,
have been used to achieve low distortion waveforms. However,
their efficiency is quite low compared to that of the pulse
width modulation (PWM) power converters for the switching
operation. For example, the efficiency of the class-B amplifier
is 78.5%, even in the ideal case, which implies that the power
capacity of the linear amplifier is limited.

Certain types of linear amplifiers that combine multiple con-
version stages have been reported so far. Most of the proposed
linear amplifiers aim to realize a fast dynamic response, high
frequency, and high efficiency. An amplifier combining a high-
fidelity class-A amplifier and class-D amplifier as a variable
power supply was proposed in [3]. It was reported that the
measured efficiency was 77% at 100 W, and the distortion was
approximately the same as that of the class-A amplifier. In
[4], a highly efficient power amplifier for an inkjet printer was
presented. The proposed topology was configured by combining
a multi-level converter as the first stage with multiple voltage
sources, a voltage level selector as a second stage, and a linear
amplifier as the third output stage. It was reported that the
proposed topology achieved 30-50% power savings in com-
parison with a general power amplifier with constant voltages.
In [5], an RF envelope amplifier based on a combination of
a multi-level converter and a linear regulator was proposed
for communication systems. It was shown that a prototype
circuit achieves an efficiency of 68.3% at a 2 MHz sinusoidal
output case. References [6] and [7] also proposed an envelope
tracking power amplifier that combines a multi-level converter
and linear amplifier. The prototype circuit achieves 76% effi-
ciency at a 10 W output peak power. In [8], various topologies
of switched-mode assisted linear power amplifiers were pre-
sented. These circuits consist of a general linear amplifier and
a switched-mode current dumping circuit. It was reported that
the proposed circuit configurations do not require an output filter
and can achieve a fast dynamic response. However, the efficiency
of these amplifiers is not very high from the viewpoint of
power conversion because they have multiple power conversion
stages.

Efficient amplifiers with a single power conversion stage were
reported to solve these issues. In [9]-[11], a diode-clamped
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linear amplifier (DCLA) was proposed to realize high-efficiency
and low distortion simultaneously. The circuit topology of the
DCLA was configured based on a diode-clamped multi-level
converter [12]-[14]. As another solution, the authors proposed
a flying-capacitor linear amplifier (FCLA) [15], [16] configured
based on a flying-capacitor multi-level converter [12], [13], [17],
[18]. In addition, the concept of voltage balancing control for
flying capacitors in the FCLA was proposed and validated by
simulation [19].

In this study, the proposed voltage balancing control for flying
capacitors is investigated in detail and is experimentally verified.
The feasibility of the FCLA with high efficiency, low harmonic
distortion, and low EMI is assessed. This paper preferentially
presents the general usefulness of the proposed circuit and shows
the results of a basic study to apply various usages such as
motor drives that require EMI reduction and grid-connected
inverters that require severe harmonic suppression. In the general
motor drive application, the motor current becomes a smooth
waveform by the motor inductance. However, the input voltage
of the motor is usually PWM waveform with high dv/dt. This
high dv/dt negatively affects to leakage current and breakdown
between motor windings, and increasing EMI particularly when
the cable between the power converter and the motor is long [20],
[21]. In this case, dv/dt of the switching needs to be suppressed
preferentially at the expense of efficiency. The FCLA is expected
to suppress dv/dt and EMI more effectively than the PWM power
converter.

The remainder of this article is organized as follows. The
circuit operation of the FCLA is analyzed, especially from the
viewpoint of the power conversion efficiency in Chapters II and
III. The proposed voltage balancing control of the flying capaci-
tors is investigated and verified by simulations and experiments
in Chapter IV. Design and experiments using prototype circuits
with a module configuration are presented in Chapter V. Then,
finally, the relationship between the efficiency and the number of
series MOSFETs is discussed considering the capacitor voltage
balancing in Chapter VI.

II. FUNDAMENTALS OF FLYING-CAPACITOR
LINEAR AMPLIFIER

A. Circuit Configuration

Fig. 1 shows the circuit configuration per phase of the n-series
FCLA. In the n-series FCLA, n-series n-channel MOSFETSs
and n-series p-channel MOSFETs are connected between the
positive pole of the dc side and the AC output terminal, and
the negative pole of the dc voltage E side and AC output
terminal, respectively. Flying-capacitors Cy, that fix the voltage
of (n—k)E/n are connected between the source terminals of the
n-MOSFET Q;, and p-MOSFET Q,. A common gate signal
is used for each gate terminal of the MOSFETs as the input
voltage vy, of the linear amplifier. In the gate circuits, gate
resistors and Zener diodes are connected to avoid overcurrent
and overvoltage. Unlike the general PWM power converter, the
FCLA circuit with the common gate input shown in Fig. 1 does
not perform sharp switching operation at all, but performs linear
operation. The gate resistance does not have to be as small as that
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Fig. 1.  Circuit configuration of n-series Flying-Capacitor Linear Amplifier.
TABLE I
OPERATION STATES IN 4-SERIES FCLA WITH COMMON GATE INPUT
Vout Qi Q> Qs Qq Qpl sz Qp3 Qp4 C|C |G
E/4<
Vout act.| on | on | on | off | off | off | off | - - -
<Ef2
0<
Vout off [ act. | on | on | fwd | off | off | off | D | - -
<E/4
-E/4<
Vout fwd | off | off | off | off [act. | on | on | D | - -
<0
-E/2<
Vout off | off | off | off | act. | on | on | on || - - -
<-E/4

Note: act.: active state, fwd: on-state of FWD, D: discharge.

in the general PWM converters. Moreover, it is not necessary to
configure the isolated power supplies for each MOSFET. The
source terminal voltage of each MOSFET follows the input
voltage, which means that the FCLA operates as a current
amplifier with equivalent input and output voltages.

B. Operation Principle

Fig. 2 and Table I shows the operating modes of the 4-series
FCLA. When the input voltage v;, is within the region (a)
E/4<vi, <E/2,only MOSFET Q; operates as the active state and
the other MOSFETs Q2 —Q, in the upper arm are in the on-state.
The MOSFETSs Q,1 —Qp4 in the lower arm are in the off-state.
The drain terminal voltage of O is E/2, which is the same as the
drain terminal voltage of the upper arm MOSFET in the class-B
linear amplifier. Q1 changes voltage drop of the drain-source
voltage v 451 within O to E/4 according to the input voltage. The
output voltage becomes (E/2—v4,1) in this operating mode.

When v;, is within the region (b) 0<v;,<E/4, Q1 is in an
off-state, and Q- operates in an active state. The drain terminal
voltage of Qs is E/4, and Q2 changes the voltage drop of
the drain-source voltage v 452 within 0 to E/4 according to the
input voltage. The output voltage becomes (E/4 —v4,2) in this
operating mode. In the same way, when v;,, is within the region
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Fig. 2. Operating modes in 4-series FCLA. (a) % < in < % (b)0 < vin%

(c) —E/4<v;i, <0 and (d) —E/2<vi, <—E/4, the output voltage
is expressed (—E/4 + v4sp2) and (—E/2 + v44p1) by the drain-
source voltages vgsp2 and vgg,1 of Opo and Q1 respectively.

The applied voltage and power loss in the active-state MOS-
FET can be reduced compared with that of the class-B amplifier.
Therefore, the 4-series FCLA can realize higher efficiency than
that of the conventional class-B amplifier. Generally, in the
n-series FCLA, when the input voltage vi,, is within the region of
(n—2k)E2n < vi, < (n—2k + 2)E/2n, the MOSFET Q}, operates
in the active state, and the other MOSFETsS are in the on-state
or off-state. In each operating mode, the drain terminal voltage
of the active-state MOSFET Q. becomes (n—2k + 2)E/2n and
the drain-source voltage of Qy, is always within E/n. It causes
that the power loss generated in the active-state MOSFET can
be reduced by increasing the number 7 of the series-connected
MOSFETs.

However, the flying capacitors Cy, Cs, and Cs do not charge
by the load current in any operation modes. The voltage balance
cannot be realized without an auxiliary circuit in this common
gate circuit configuration. A solution of this issue is discussed
in Section IV.

III. THEORETICAL ANALYSIS OF FCLA EFFICIENCY

When the output voltage v, and current iy, are given by (1)
and (2), the theoretical efficiency nrcy,a of the n-series FCLA
and npcra can be derived as (3) based on elaborate calculations
of the input and output powers. In this regard, the calculation
conditions are shown below.

1) The voltage of the flying-capacitor Cj in the FCLA is

always kept at (n-k)E/n.

2) The gate threshold voltage of each MOSFET is 0 V.

3) Only an even number is available as the number 7 of the

series MOSFETs.

4) The power loss of the gate circuit is not considered.

ey
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Fig.3. Relationships between the number of series MOSFETS and efficiency.
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Here, 6 = sin~! {(n-2k)/n} denotes the boundary phase be-
tween the off-state and active-state. I, is the amplitude of the
output current, R, is the on-state resistance of each MOSFET,
Rgsr is the equivalent series resistance of each flying-capacitor,
Vr is the forward voltage of each clamp diode.

Fig. 3 shows the relationship between the number n of the
series MOSFETs and the efficiency 7 calculated by (3) and the
equation of the efficiency in the DCLA [9]-[11]. The graph
legend “Ideal theory” refers to the efficiency in consideration
of only the power loss caused by the active-state MOSFET
[9]. Furthermore, “FCLA” and “DCLA” stand for the effi-
ciency with the conduction loss and power loss caused by the
equivalent series resistance (ESR) of the flying-capacitors in
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TABLE I
CIRCUIT PARAMETERS
Parameters Symbol Value
dc voltage E[V] 100
Input voltage Vin [V] 50siné
Maximum output current Inax [A] 5
Diode forward voltage Ve [V] 1.5
Capacitor equivalent series resistance Resr [Q] 0.025
MOSFET on-state resistance Ron [Q] 0.1/n
< E=100V, Inx= SA +
S 0.6 E=100V, Ipy=10A
E= 100V, Ipy=20A
S E=200V, = 5A 0O
o E=200V, Ipgx= 10A :
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Fig. 4. Differences between the efficiencies of FCLA and DCLA.

FCLA, and the power loss caused by the forward voltage of the
clamp-diodes in DCLA. Table II lists the circuit parameters. The
on-state resistance R,,, of each MOSFET is defined as 0.1/n, as
listed in Table II because as the number 7 of the series-connected
MOSFETs increases, the rated voltage and on-state resistance
of the MOSFETS can be lower in proportion to 1/n.

From Fig. 3, it can be confirmed that the efficiency of FCLA
can be improved by increasing the number of series MOSFETs.
However, as the number of series MOSFETSs increases, the
progress of the efficiency is gradually saturated. Moreover, the
efficiency of the FCLA is slightly higher than that of the DCLA
in this calculation condition.

Fig. 4 shows the differences between the efficiencies of FCLA
and DCLA. The positive number of the vertical axis indicates
that the efficiency of the FCLA is higher than that of the DCLA,
and vice versa. When E is changed from 100 V to 200 V, the
calculation condition of the on-state resistance also changes
from 0.1/n to 0.2/n because the on-state resistance is generally
proportional to the rated voltage of the MOSFET.

InFig. 4, when as I,,,,x and E decrease, the difference between
the efficiencies of FCLA and DCLA increases. Therefore, the
FCLA has an advantage under lower voltage and smaller current
compared with the DCLA under the investigated conditions
listed in Table II. Furthermore, the efficiency of the FCLA can
be improved by reducing the ESR with suitable selection of the
capacitor, which means that the efficiency of the FCLA is able to
become higher than that of the DCLA even under high-voltage
and large-current conditions, because the relationship between
the efficiency of FCLA and DCLA depends on the ESR of the
capacitors and diode forward voltage according to (3) and the
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Fig. 5. Proposed circuit configuration of individual gate circuit in the FCLA.

equation of the DCLA efficiency. It is considered that suitable
design and device selection expand the range of applications for
FCLAs.

IV. VOLTAGE BALANCING CONTROL OF FLYING-CAPACITORS
A. Necessity of Capacitor Voltage Balancing

In the FCLA with the common gate circuit shown in Fig. 2,
the flying-capacitors are only discharged by the load current,
which causes the voltage variation and imbalance because the
redundant operation states for the charge and discharge are
insufficient. In this case, the capacitor voltage finally converges
to a voltage that is not zero but lower than the regulated voltage,
and the whole circuit operation becomes similar to that of the
conventional class-B amplifier. Thus, any voltage balancing
method without an additional circuit in the main circuit is
needed for the satisfactory operation to realize the loss reduction.
Moreover, by realizing self-voltage balancing, isolated dc power
supplies for each flying capacitor are not required. In this work,
voltage balancing control for flying capacitors by the appropriate
changes in the charging and discharging currents is proposed
without any auxiliary voltage balancing circuit.

B. Realization of Capacitor Voltage Balancing Control

Fig. 5 shows the proposed circuit configuration for the volt-
age balancing control of the flying capacitors. In the proposed
method, individual linear gate drivers that can output an analog
voltage are used, and they realize redundant operation modes for
the charge and discharge of the flying capacitors. Fig. 6 shows the
current paths of the 4-series FCLA with the proposed voltage
balancing control when the output voltage region is within 0
<Vout <E/4, and the load is purely resistive as a simple example.
The current path of Fig. 6(a) is the same as that of Fig. 2(a),
(i1), and C; becomes a discharging state. When the MOSFET
Oy, becomes the off-state in Figs. 6(b)—(d), Ci—1 becomes the
charging state, and Cj, becomes the discharging state. In these
operation modes, the loss generated in the active-state MOSFET
can be reduced in the same way as the common gate signal
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Fig. 7. Relationship between the output voltage region and the number of
off-state MOSFETs.

input. Moreover, in the n-series FCLA, the operation states of
the flying-capacitors are determined according to the principle;
Cy—1 and Cy, are in the charging and discharging states, respec-
tively when the MOSFET Qy, is in the off-state. The number of
off-state MOSFETSs in the upper and lower arms is determined by
the output voltage region, as shown in Fig. 7. For example, only
one MOSFET is in the off-state when the output voltage region
is within 0 <v,, <E/4 in the 4-series FCLA, as shown in Fig. 6.
Additionally, in the 12-series FCLA, the number of off-state
MOSFETs is five when the output voltage region is within 0
<Vout <E/12. The number of off-state MOSFETSs increases as
the output voltage decreases to reduce the loss generated in the
active-state MOSFET.

Table III lists all the operation modes, and charge and dis-
charge states of flying-capacitors in the 4-series FCLA with
the proposed control. The redundant operation modes including

(c) (d)

Current paths of the 4-series FCLA with proposed control when the output voltage region is within 0<vo,¢ <E/4. (a) Mode 2a (off-state: Q1) (b) Mode

TABLE III
POSSIBLE SWITCH COMBINATION AND CHARGING/DISCHARGING OF THE
CAPACITORS IN 4-SERIES FCLA WITH THE PROPOSED VOLTAGE
BALANCING CONTROL

Vour | # ] Qi | Q2| Qs | Qs | Qui | Q2 | Qp3 | Qpa | Ci | C2 | Cs
laj on [act. | on | on | off | off | off | off | - | - | -
FA< o] on [ on [(act [ on | off [ off [ off [ off [ - |- |-
< 1;’-‘;'2 Ic| on | on | on |act. | off | off | off | off | - | - | -
Id] act. | on | on | on | off | off | off | off

2a| off | act. | on | on | fwd | off | off | off | D
C

8< 2b| on | off | act. | on | off | fwd | off | off D| -
- E}A 2c| on | on | off |act. | off | off [fwd | off | - [C | D
2d| act.| on | on | off | off | off | off | fwd| - | - | C
3a| fwd| off | off [ off | off [act. | on | on [ D | - | -
‘EV/4< 3b| off | fwd | off | off | on | off |act | on | C D] -
;6‘ 3c| off | off | fwd | off | on | on | off |act. | - [C | D
3d| off | off | off [fwd | act. | on | on | off | - | - | C

4al off | off | off | off | on |act. | on | on || - | - | -
'}i/ 2= [4b | off | off | off | off | on | on |act.| on | - | - | -
<2-J/‘ 4 | 4c| off | off | off | off | on | on | on |act || - | - | -

4d | off | off | off | off [act. [ on | on | on | - | - | -

Note: act.: active state, fwd: on-state of FWD, D: discharge.

charge and discharge states of all the flying-capacitors increase
by the individual gate circuit compared with the case of the com-
mon gate circuit as shown in Table I. Fig. 8 shows the state tran-
sition diagram for an implementation of the proposed voltage
balancing control in 4-series FCLA. Although the proposed
control is expected to implement in various practical ways, this
example is designed based on the control method on the flying-
capacitor multi-level converters. The target flying-capacitor for
charging is changed for each arbitrary output according to the
scheme shown in Fig. 8. The constant value / is used to set
the amplitude of the capacitor voltage ripple. This proposed
control realizes the self-voltage balance of the flying-capacitors
by changing the operation states in a similar way to the flying-
capacitor multi-level converter with the carrier phase-shifted
modulation [22]. In this regard, the switching speed of the
change in the operating states is different between the FCLA and
multi-level converter. In the FCLA, the linear operation of the
MOSFETs is also used in the instance when the operation states
change to prevent EMI. Moreover, the phase-shifted carrier



OBARA et al.: FCLA WITH CAPACITOR VOLTAGE BALANCING FOR HIGH-EFFICIENCY AND LOW DISTORTION 619

E < < E
E E ——<v —
VUref < _Z y Z < VUref 4 ref 4
E
v S h Mode 2b (3b) 3E
273 Charging C1 Ve1 > 4 +h

(Charging of C2 has completed) (Charging of C1 has completed)
or or
E E
(Ve2—ve3) > 7 (Ve1—ve2) > 7

Mode 2¢ (3¢)
Charging C2

E
Ves3 >Z+h

(Charging of C3 has completed)

Mode 2a (3a)
Non charging

/ <
Vc1 )

(Discharging of C1 has completed)

Initial state

Mode 2d (3d)
Charging C3

Fig. 8. State transition diagram for an implementation of the proposed voltage
balancing control in 4-series FCLA.

frequency of the FCLA should be set as the lower frequency to
avoid emitting EMI and reduce loss. Therefore, the phase-shifted
frequency should be changed, considering the output waveform.
In this study, voltage balancing control is realized based on the
feedback values of all the flying-capacitor voltages. When the
difference between the voltages of the charging and discharging
states of the capacitors becomes larger than the summation of
the regulated voltage value and the requirement of the flying-
capacitor voltage variation, the current path is changed and the
capacitor in the charging state also changes. Thus, the frequency
for the charge and discharge of each flying-capacitor do not
synchronize with the output waveform frequency and depends
on the capacitance of the flying-capacitors, load current, and
requirement of the capacitor voltage variation. The capacitor
voltage balance can be realized by applying this proposed control
scheme to each individual gate driver.

In a practical condition, the on-resistances of n-channel and
p-channel MOSFETs are different in general. Since the charge
and discharge currents of the flying-capacitors are almost deter-
mined by the output voltage and load impedance, the difference
in the on-resistances between the n-channel and the p-channel
MOSFETsS has almost no effect on the voltage balancing of the
flying capacitors.

C. Requirement and Operation of the Individual Gate Drivers

Fig. 9 shows the operation principle for changing the current
path using each input gate-drain voltage by the individual gate
drivers. In typical power converters, a gate driver is connected
between the gate and source terminals of each MOSFET to
charge and discharge the gate-source capacitance. In the FCLA,
the gate-source voltage of the MOSFETSs becomes almost zero

B) (@)
Cr-1
M |
e o 1
river | Yy,
‘Analogue ) G E} Vps ka
( output )
|
[
Cre

Fig. 9. Operation principle to change the current path using gate-drain con-
nected gate driver.

for satisfying the well-known imaginary short because each
MOSFET operates as the source follower operation. Moreover,
not only the on and off-states, but also the active states must
be controlled by the individual gate drivers in the proposed
configuration of the FCLA. Therefore, the gate drivers with the
analog voltage output are connected between the drain and gate
terminals of each MOSFET and control their voltages by the
linear operation.

The current path is selected, as shown in Fig. 9, based on
the comparison of the gate-drain voltage vgp and capacitor
voltages. When the gate driver of the MOSFET Qy; outputs the
voltage vgp, the gate-source voltage appears under the condition
that the drain-source voltage vpg is not equal to vgp. Subse-
quently, the source voltage follows the gate voltage because
of the source follower operation; therefore, vpg follows vap.
If the gate driver outputs a voltage higher than the difference
between the capacitor voltages v (k-1) — Ve, Vps also becomes
higher than v (x 1) — V. Ok is in the off-state and the current
flow path (o) shown in Fig. 9 due to the body diode of the
MOSFET Q,,, is in the on-state. However, if vpg is lower than
the difference vo(x 1) — vow, Qk is in the on-state or active-state,
and the current path is the path (). Thus, the operation state of
QO can be suitably controlled by the gate—drain input voltage.

D. Simulation Validation

Fig. 10 shows the simulation waveforms of the 4-series FCLA
with the proposed control [19]. In the output voltage v, and
current i, waveforms, a sinusoidal waveform can be obtained
without an LC filter at the output terminal. When the time is
within the region (a), as shown in Fig. 10, the operation mode
becomes the same as that in Fig. 6(a). The output voltage region
is within 0 <v,t <E/4, Q1 changes to the off-state, Q- changes
to the active state, and Q3 and Q4 change to the on-state. It can be
confirmed that the discharging current i »; flows in Cq, and v
decreases. When the time is within the region (b), as shown in
Fig. 10, the operation mode becomes the same as thatin Fig. 6(b).
C; and C, change to the charging and discharging states in the
same manner as in region (a). Similarly, when the time is within
regions (c¢) and (d), the operation modes are shown in Figs. 6(c)
and (d). As a result, the voltage of all the flying-capacitors
can be kept at (n-k)E/n [V], and all the drain-source voltages
become lower than 30 V for the input dc voltage of 120 V. Thus,
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Fig. 10. Simulation waveforms of the 4-series FCLA with the capacitor
voltage balancing control. (a) Input voltage viy,, output voltage v,y and output
current ioys. (b) Flying capacitor currents ix. (¢) Voltages v ¢y, of flying capacitor
C. (d) Drain-source voltages vpsk of MOSFET Q.

the capacitor voltage balance can be realized because of the
proposed voltage balancing control.

V. EXPERIMENTAL VALIDATION OF THE FCLA
A. Prototype Circuit

Fig. 11 shows the circuit schematic of the FCLA redrawn as
a ladder circuit configuration. This circuit is divided into the
dc voltage source part, series MOSFETs part, and load part.
The series MOSFETs part consists of n-channel MOSFETSs
(Renesas: 2SK2926), p-channel MOSFETsSs (Renesas: 2SJ530),
flying-capacitors, and gate circuits. Table IV lists the electrical
characteristics of the MOSFETsS used in the prototype circuit.

As adesign policy of the MOSFETSs and gate driving, both the
operation characteristics of n-channel and p-channel MOSFETSs

Fig. 11.  Generalized topology of FCLA.
TABLE IV
ELECTRICAL CHARACTERISTICS OF MOSFETS
2SK2926 287530
Parameters Symbol (n-channel) (p-channel)
Drain to source
maximum voltage Vos [V] 60 -60
the to source Ves [V] 0 £0
maximum voltage
Drain current Ip [A] 15 -15
On-state resistance Ry [Q] 0.042 0.08
Gate to source
threshold voltage Va [V 13 1.0
Input capacitance Ciss [PF] 500 850
Load
12-Series MOSFETs resistor
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Fig.12.  Circuitconfiguration of FCLA when the number n of series MOSFETs
is set as 12-series.

should be completely symmetric. However, the characteristics of
the p-channel MOSFETS such as capacitances and gate threshold
voltage are worse than that of the n-channel MOSFETS in
general. To compensate the different characteristics, the gate
resistances should be adjusted so that the product of the input
capacitance and the gate resistance become close enough be-
tween the n-channel and p-channel MOSFETs. Although this
design policy is similar to that of the class-B amplifiers, it is
possible to decrease the voltage rating of each MOSFET as the
number of the series devices increases in the case of the FCLA.

The frequency response of the FCLA is basically determined
by the product of the input gate resistance and capacitance, so
the response performance is considered to be almost the same as
that of the class-B amplifier. The major benefit from the FCLA
is in the possibility of high efficiency rather than improvement
of the output response.

In FCLA topology, the number n of the series MOSFETSs can
be flexibly changed by combining modularized circuits of the
series MOSFETs part. For example, a 12-series FCLA can be
built using three 4-series FCLA modules, as shown in Fig. 12.
The modularized structure tends to cause a longer commutation
loop between the modules and increases the stray inductance in
general. However, the increase in the stray inductance is not a
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Fig. 14.  Experimental waveforms of 4-series FCLA (Gate resistances: 100 k<2
(n-channel), 56 k€2 (p-channel), Load power factor: 1.0). (a) Input and output
waveforms (b) Drain-source voltage waveforms of Q1 and Q2 (c) Drain-source
voltage waveforms of Q3 and Q4.

critical issue because the MOSFETS in the FCLA do not operate
as a switch with high dv/dt and di/dt. This feature is one of the
attractive advantages of FCLAs. Fig. 13 shows an overview of
the small-scale laboratory prototype of the FCLA when n is set
as 12-series by combining three modules of the 4-series circuit.

B. Experimental Waveforms

The operating waveforms of the 4-series and 12-series FCLAs
are shown in Figs. 14 to 17. Table V lists the experimental condi-
tions. The dc voltage was 144V, the AC output voltage was 144V
(peak-to-peak), the output frequency was 50 Hz in the sinusoidal
waveform, and the loads were a purely resistive load of 47 2, and

TABLE V
EXPERIMENTAL CONDITION IN FIGS. 14 TO 17
Parameters Symbol Value
dc voltage E 144 V
Sinusoidal,
Output voltage Vou 144 V (peak to peak), 50 Hz
Zener voltage
of zener diode Vsenes 13V
Capacitance
of flying capacitor = 22 pF
Roate n 100 kQ (Fig. 14)
Gate resistance (n-channel) 7 kQ (Figs. 15-17)
of MOSFETs Reate » 56 kQ (Fig. 14)
(p-channel) 4.125 kQ (Figs. 15-17)
Rigad 47 Q (Figs. 14, 15, and 17)
Loads
Rioad + Liad 30 Q + 120 mH (Fig. 16)

an inductive load of 30 ©Q + 120 mH. In this experiment, a
dc offset voltage was added to the sinusoidal input voltage to
compensate for the well-known crossover distortion caused by
the gate threshold voltage of the MOSFETs. This crossover
distortion can be suppressed by adding an offset voltage to
the input signal v;, to compensate the gate threshold voltage
as the same way in the class-B linear amplifier. According to
the operating modes of the FCLA shown in Fig. 2, the flying
capacitors were not charged, and the voltage balance was not
realized. Isolated dc power supplies were connected for each
flying capacitor as the voltage balancing circuit to maintain the
capacitor voltage at the regulated values, and to confirm the basic
circuit operation and efficiency in the experiment. The capacitor
voltage control is discussed in the next chapter.

Fig. 14 shows the experimental waveforms of the input voltage
Vin, output voltage vy, output current iy, and drain-source
voltage vqy of the MOSFET Qj in the 4-series FCLA. It
can be seen that the output voltage follows the input voltage.
From this figure, it is confirmed that the FCLA operates as
a current amplifier. In the drain-source voltage waveforms in
Fig. 14(b), (c), it is confirmed that either the MOSFET Q; or
Q- operates in the active state, and the other MOSFETSs operate
in the on or off-states when the input is positive. Moreover,
each drain—source voltage of the MOSFETs in the off-state is
a quarter of the dc input voltage. A slight distortion appears
in the output voltage when the polarity of the output current is
changed. Furthermore, a slight distortion also appeared in the
waveform of vgs when MOSFET Q5 turned to the active state
as addressed above. However, when the gate resistance is high,
the effect of the suppression reduces because of the restriction
of the response bandwidth determined by the input capacitance
and gate resistance of the MOSFET.

Fig. 15 shows the experimental waveforms when the gate
resistances are changed from 100 k€2 to 7 k2 (n-channel) and
from 56 k€2 to 4.125 k€2 (p-channel), respectively. In the output
waveforms, the distortion in Fig. 15 becomes relatively smaller
than that in Fig. 14. Similarly, in the drain-source waveforms,
there is almost no distortion in the waveform of vgswhen MOS-
FET Q- turns to the active state. As the gate resistances are
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(n-channel), 4.125 k€2 (p-channel), Load power factor: 1.0). (a) Input and output
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Fig. 16. Experimental waveforms of 4-series FCLA (Gate resistances: 7 k{2
(n-channel), 4.125 k2 (p-channel), Load power factor: 0.62). (a) Input and output
waveforms (b) Drain-source voltage waveforms of Q1 and Q2 (c) Drain-source
voltage waveforms of Q3 and Q4.
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Fig. 17. Experimental waveforms of 12-series FCLA (Gate resistances: 7 k€2
(n-channel), 4.125 k2 (p-channel), Load power factor: 1.0). (a) Input and
output waveforms (b) Drain-source voltage waveforms of Q1, Q2, and Q3 (c)
Drain-source voltage waveforms of Q4, Os, and Qg (d) Drain-source voltage
waveforms of Q7, Og, and Qg (e) Drain-source voltage waveforms of Q19, Q11,
and Q12.

smaller and output performance becomes faster, the crossover
distortion is improved.

Fig. 16 shows the experimental waveforms when the load
resistance Rjoaq 18 30 €2, and inductance Ljy,q is 120 mH. It
can be confirmed that the FCLA operates as a current amplifier
also when the load is inductive. However, a small surge voltage
appears when the polarity of the output current is changed. This
phenomenon occurs by the same mechanism of the cross-over
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Fig. 18. Measured and calculated efficiencies of prototype FCLA. (a) 4-series FCLA (Fig. 15). (b) 6-series FCLA. (c) 8-series FCLA. (d) 12-series FCLA
(Fig. 17).

distortion discussed above, due to the difference in the response
speed between n-channel and p-channel MOSFETs. Practically,
itis not a critical issue because its peak-voltage is lower than the
theoretical maximum applied voltage of the MOSFETs (E/n).
Furthermore, it can be fully compensated by applying feedback
control.

Fig. 17 shows the experimental waveforms of the 12-series
FCLA. It is confirmed that the 12-series FCLA operates as a
current amplifier, although the 12-series FCLA has 12 current
paths. It is seen that each drain—source voltage of the MOS-
FETs is kept below E/12. From these experimental results, the
fundamental operation of the FCLA can be verified.

C. Experimental Efficiencies of the FCLAs

Fig. 18 shows the breakdown of measured and calculated pow-
ers and efficiencies of the prototype 4-series, 6-series, 8-series,
and 12-series FCLAs. In this regard, the input power Py, of
the flying-capacitor Cy, where k is within n/2 < k <n —1,1is
zero in principle. From Fig. 18, it is verified that the efficiency
is improved by increasing the number of series MOSFETSs from
4 to 12. In the 12-series FCLA, an efficiency of 88.9% was
measured, an improvement of 10 points compared to the conven-
tional class-B amplifier. The differences between the measured

and calculated efficiencies in Fig. 3 are mainly caused by the
circulating current flowing through the dc voltage, Zener diodes,
and gate resistors.

D. Experimental Verification of Voltage Balancing Control

A prototype of the FCLA with individual gate circuits is
designed to confirm the validity of the proposed capacitor
voltage balancing. Fig. 19 shows the block diagrams of the
proposed system. In this system, the FPGA controller determines
the operation mode according to the reference output voltage
and feedback flying-capacitor voltages and outputs the digital
signals vi,,  and vi, 1 to the linear gate drivers. In the linear
gate driver, the digital input signals are insulated by the digital
isolators and converted to analog signals by Digital to Analog
(D/A) converters. Non-inverting amplifiers amplify the output
analog signals of the D/A converters at the final stage of the
linear gate driver. Finally, the analog voltages are output to
the gate-drain terminals of each MOSFET. Each gate circuit
requires an isolated power supply in the circuit configuration
with the individual gate circuits shown in Fig. 5 unlike that with
the common gate circuit in Fig. 1. However, since this circuit
does not perform switching operation, the usual isolated power
supply circuits such as the bootstrap and charge pump cannot be
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Fig. 20.  Photo of 4-series FCLA applying voltage balancing control.

applied unlike the general PWM converter. This prototype circuit
is designed using isolated dc-dc converter modules IH0524SH
produced by XP Power. In this way, the state of each MOSFET
can be controlled, and the proposed control can be practically
realized.

Fig. 20 shows an overview of the laboratory prototype of the
4-series FCLA with the proposed gate drivers. Fig. 21 shows the
experimental waveforms in the prototype circuit. In the output
waveforms, a smooth sinusoidal waveform can be obtained,
although the low-pass filter is not connected to the output
terminal. From the waveforms of the drain-source and flying-
capacitor voltages, it is confirmed that the active-state MOS-
FET changes according to the flying-capacitor voltages, and
the flying-capacitor can be charged and discharged adequately.
As a result, all the flying-capacitor voltages are maintained at
the regulated values. Furthermore, the maximum drain-source
voltage is maintained at approximately 20 V for the input dc
voltage E of 80 V without surge voltage and EMI.

The efficiency of the prototype FCLA was measured as
80.6%, and the total harmonic distortion of the output voltage

Block diagrams of the FCLA with the proposed voltage balancing control of the flying capacitors.
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capacitors.

Experimental waveforms using voltage balancing control for flying

was 2.81%. As shown in Fig. 18(a), the efficiency of the 4-
series FCLA with the common gate circuit was 81.1%. Thus,
the efficiency degradation by introducing the capacitor voltage
balancing control was approximately 0.5%, which means that
the capacitor voltage balance can be achieved with a small
loss. Thus, the 12-series FCLA with capacitor voltage balancing
can achieve approximately 88% according to the experimental
results shown in Fig. 18(d). A further increase in the number of
the series MOSFETSs enhances efficiency. From the results, the
usefulness of the proposed capacitor voltage balancing control
is verified.

VI. DISCUSSION OF EFFICIENCY CONSIDERING CAPACITOR
VOLTAGE BALANCING CONTROL

Fig. 22 shows a summary of the relationship between the
number of the series MOSFETS and the efficiency of the FCLA
discussed above. The red plots show the calculation result using
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the theoretical formula (3). The orange plots are the results with
individual input for the capacitor voltage balancing obtained by
the simulations. Moreover, the experimental results are plotted as
blue and green markers. From the result, it can be confirmed that
the efficiency can be improved by increasing the number of series
MOSFETs. Furthermore, it is clarified that the efficiency of the
30-series FCLA with the individual inputs exceeds 95%. The
FCLA with over 95% efficiency can be used as a PWM inverter

without harmonics and EMI. The gate loss is not considered in
this efficiency calculation. It is considered that the gate loss has
no significant effect on the total efficiency in the FCLA with
sufficiently high power from the viewpoint of practical use.

Fig. 23 shows the simulation waveforms of the 30-series
FCLA. The proposed capacitor voltage balancing control has
the scalability for the number of series MOSFETs. Even in the
30-series circuit, it is observed that capacitor voltage balance
is achieved by the proposed method. It is useful to increase the
number of the series MOSFETSs and contribute to realizing a
power converter with the attractive performance of low harmon-
ics, low EMI, and high efficiency by the FCLA.

VII. CONCLUSION

This paper presented a flying-capacitor linear amplifier
(FCLA) to realize high-efficiency, low harmonic distortion, and
low EMI. The characteristics of the FCLA were analyzed and
evaluated. Its efficiency can be enhanced by increasing the
number of series MOSFETSs and by using a suitable design.

The proposed individual linear gate circuit balances the volt-
age of the flying-capacitors through appropriate changes in the
charging and discharging currents. Furthermore, it was con-
firmed through a simulation that the efficiency of the FCLA with
the individual gate circuit can also be improved by increasing
the number of series MOSFETs. The prototype design and
implementation of the linear gate circuit were shown, and the
feasibility of the proposed method was verified. In this way,
the proposed voltage balancing method enables a significant
increase in the number of series MOSFETS in the FCLA be-
cause no additional voltage-balancing circuits are needed in the
main circuit. Therefore, it contributes to realize an efficient and
low-noise power converter using the FCLA with a high number
of series MOSFETs. This paper demonstrated that the prototype
12-series FCLA achieves 89% efficiency as a first result.

The concern of the decrease in circuit reliability due to the
high device count remains in the FCLA as in multi-level con-
verters. However, the features of a low overshoot voltage and
low EMI in the FCLA are expected to decrease the failure rate
and circuit design cost compared to multi-level converters using
the switching operation.

APPENDIX

In this appendix, the theoretical efficiency of the FCLA shown
in (3) is derived.

In the n-series FCLA in Fig. 1, the currents ig; and igy of
the dc voltage sources E7 and Es, the current ipcraqi and the
drain-source voltage vrcraqr of the MOSFETs Qy, and the
currents i¢y of the flying-capacitors Cy, can be described as
follows:

0 <0 <m—04,

. 7:out 7T<0<7T+01,
g1 = (4)
2r — 01 < 0 < 2w
0 (otherwise)
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0<6<0, 4EImax
o) #| m-di<o<n ) Z Vnk — k2. (12)
B2 T+60, <0 <27 — 6,
0 # (otherwise) The loss Piossrera generated in the FCLA can be calculated
as follows:
ek <O<m— 9k y n 27
iFCLAQE ) fout T<l<7m+0, ©) PlossFera = ZZ (/ UFCLAQE * iFCLAde9>
(kgg) 2r — 0, < 0 < 2w k=1 0

# (otherwise)

n—1 27
+ Z (/0 Rgsr - izcvkd9>
k=1

IFCLAQk _ {Zout (0<@<m) )

<k n
(2 ) 0 OtherWISe) - 22: |:Efmax {gk — 9}671 B sin20k — sin20k,1
01 < 0 < 0y, ) | 27 2 4
Zout
; 7T79k<9<’/T79k+1 n—2k+2 y y
k Ckﬂ 7T+9k+1 <0 <7+ 0y, 8) + n (costy, — cosfly—1)
(k<3) Z"“t 20y <0 <210
— Uk — Uk+1 RonIz ] .
(otherwise) zﬂ_max {m 4+ 20 — O_1) — (sin26;, — s1n29k_1)}]
iCk nk, Iz
" =0 9) ondmax
(3 <k) T
n—1
IIZUaXR . .
UFCLAQk + Z [%ESR {2 (0 — Op11) — (sin26y, — Sm29k+1)}}
(k<2) =
0<8 <0 — FEI 2Ron 1,
b) max k kz max on+max _ 1
%*iout'Ron # 7T—9k<9<ﬂ', Z K |: E (’I’L )
TH0, 1 <0<2m—04_,
4REsRr Imax 2
Op 1 <0 <7 —0p 1, Ej:;;{alnz(nz)\/ﬁ}}- (13)
Tout * flon # ’/T<9<7T+9k,
2 — 0, < 6 <21 From the above equations, the efficiency nrcr,a of the n-series
0. <0< FCLA can be calculated as follows:
= _ ut — n k E k k—1
{Uo t (2 ) n} # T — 9}671 <O<m— ek NFCLA = PinFCL; - ROSSFCLA
v (ﬁ—k)ﬁ ” T+, <0< m+0,, szCLA
out 2 2T — 01 < 0 < 2w — 0Oy — _ n-m l: - 2Ronlmax (’I’L - 1)
(10) 1652, Vnk — k2 E
; 4 Tnax 2
UFCLAQ, _ J fout * flon #O<0<m) (11 _RE;PZC{HI—M(H_Z) /771_1”.
(% <k) L out Ron #(m <0 < 2m) 1

The input power P;,rcra of the n-series FCLA can be calcu-

lated as follows: Similar to above, the theoretical efficiency of the DCLA can

be derived with a loss by the diode forward voltage instead of

L [E. L [E that by the ESR of the flyi it
 FOLA = — =i do+ — = ip,do at by the of the flying-capacitors.
27 2
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