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Soft Switching Symmetric Bipolar Outputs
DC-Transformer (DCX) for Eliminating
Power Supply Pumping of Half-Bridge
Class-D Audio Amplifier

Xiang Zhou ™, Member, IEEE, Jianping Xu

Abstract—A soft switching symmetric bipolar outputs dc-
transformer (DCX) for eliminating power supply pumping of
half-bridge class-D audio amplifiers is proposed in this paper. Com-
pared with the traditional unidirectional front-end dc—dc converter
in the half-bridge class-D audio amplifier, output capacitances of
the proposed DCX and voltage stress of the half-bridge class-D au-
dio amplifier are significantly reduced. Soft switching of the pro-
posed DCX can be achieved when the load current of half-bridge
class-D audio amplifier is positive or negative. Thus, the efficiency
and power density of the proposed audio amplifier system can be
improved. In addition, the proposed DCX has smoothing transi-
tion between the positive load current and the negative load current
with a simple open-loop controller. The operating principle of the
proposed DCX is analyzed and a 200-W prototype is built up. Ex-
perimental results show that power supply pumping is reduced
with small DCX output capacitors, symmetric bipolar outputs are
obtained and peak efficiency of 96.3% is achieved.

Index Terms—DC-transformer, half-bridge class-D audio
amplifier, soft switching, symmetric bipolar outputs.

I. INTRODUCTION

LONG with the development of portable audio electron-
A ics equipment, an audio amplifier with low output voltage
distortion, high efficiency, and high power-density has attracted
much attention recently. Class-D audio amplifiers are thus more
and more popular and start to flourish in applications where
linear amplifiers once dominated [1]. Compared with linear am-
plifiers, modern class-D audio amplifiers benefit from small
volume and high system efficiency [2].

Class-D audio amplifier can be classified into the half-bridge
and full-bridge class-D audio amplifier. Compared with the full-
bridge class-D audio amplifier, the half-bridge class-D audio
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amplifier has reduced devices number and stray inductance [3].
In order to provide a stable power supply for the half-bridge
class-D audio amplifier system, high-performance front-end dc—
dc converter is required [4]. Boost converter is used as a front-
end dc—dc converter to provide unipolar supply for half-bridge
class-D audio amplifier in [5]. However, a large dc blocking
capacitor is required to prevent the speaker from being damaged
by a high dc voltage, which reduced the power density of the
audio amplifier system [6]. In contrast, in half-bridge class-D
audio amplifier with bipolar power supplies, a bulky blocking
capacitor can be removed [6], [7]. Typical half-bridge class-D
audio amplifier system consists of front-end single input bipolar
outputs dc—dc converter and half-bridge class-D audio amplifier.
Bipolar outputs flyback converter or LLC resonant converter is
widely used as a front-end converter [8], [9]. A voltage doubler
rectified boost-integrated half-bridge class-D audio amplifier is
proposed in [10], which achieves ZVS of switches and has no
dc magnetizing current for the transformer.

Generally, due to ac load current and traditional unidirectional
front-end dc—dc converter, the voltages across power supplies of
half-bridge class-D audio amplifier have large voltage ripples,
especially when output voltage frequency is low, which is called
power supply pumping [4]. Severe power supply pumping sig-
nificantly increases the voltage stress of the devices of class-D
audio amplifier and deteriorates total harmonic distortion and
noise (THD-+N) of the audio amplifier system [11], [12]. In
order to improve THD+N and suppress power supply pumping,
some control strategies are studied to obtain high power supply
rejection ratio (PSRR) [13]-[15]. In general, the large bulky
electrolytic capacitor is used as the filter of the front-end dc—
dc converter to reduce supply voltage ripple of the half-bridge
class-D audio amplifier system, which reduces the power den-
sity of the audio amplifier system.

Compared with the large bulky electrolytic capacitor in a uni-
directional front-end dc—dc converter, bidirectional front-end
dc—dc converter can transfer feedback energy to input power
supply of the audio amplifier system, which reduces the output
capacitor of the dc—dc converter and increases the power density
[16]. In a bidirectional de—dc converter, soft switching and bidi-
rectional power conversion can be achieved with some control
strategies [17]-[21]. However, these converters are controlled
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to operate in a forward operation mode or backward operation
mode, respectively. As load current of class-D audio amplifier
varies rapidly and randomly, which makes it difficult to realize
soft switching by detecting the direction of the load current.
Thus, these bidirectional soft switching dc—dc converters are
not suitable for the class-D audio amplifier system.

As a good candidate for the front-end dc—dc converter, LLC
resonant converter attracts much attention in decades. There are
many research works on the control, common noise, and mag-
netics design of LLC converter [22]-[26]. However, due to the
complex control algorithm, these converters require a micro-
controller to achieve start-up and other control functions. In a
bidirectional soft switching LLC dc—dc converter, some control
strategies and circuit topologies are designed for soft switching
of all the switches in forward or backward mode as well as
smooth change of the output power flow direction [27]-[29].
Because maximum output frequency of audio amplifier is
20 kHz, it is difficult to design the controller of bidirectional
LLC converter for the audio amplifier system.

In a class-D audio amplifier system, because the downstream
class-D audio amplifier is close-loop and always has high PSRR,
the front-end dc—dc converter can be designed as an open-loop
dc-transformer (DCX) to improve the efficiency and reduce the
complexity of the controller. Light load efficiency and an op-
timized magnetic component of the LLC DCX are the focus
in [30]-[35]. A family of resonant DCX is proposed in [36],
which achieve soft switching of switches and high system effi-
ciency over wide load range. However, it is difficult to realize
soft switching of all the switches in both forward and back-
ward mode because these DCXs are open-loop and has fixed
switching frequency as well as fixed duty cycle.

In this paper, a soft switching symmetric bipolar outputs DCX
for eliminating power supply pumping of the half-bridge class-D
audio amplifier is proposed. Power supply pumping of the half-
bridge class-D audio amplifier is eliminated by the proposed
DCX with small output capacitances, thus power supply noise
and voltage stress of the devices in the half-bridge class-D audio
amplifier are reduced. The proposed DCX has stable symmetric
bipolar outputs with the simple open-loop controller, which sig-
nificantly reduces the complexity of controller in the half-bridge
class-D audio amplifier system. Soft switching of the switches
in the proposed DCX can be realized when the load current of
the half-bridge class-D audio amplifier is positive or negative,
which improves the system efficiency.

This paper is organized as follows. Section II discusses power
supply pumping and the circuit configuration of the proposed
DCX. Section III contains the analysis of operation modes and
performance of the proposed DCX. Sections V and VI contain
experimental results and conclusion.

II. POWER SUPPLY PUMPING AND TOPOLOGY
DERIVATION OF THE PROPOSED DCX

The proposed audio amplifier system, as shown in Fig. 1, con-
sists of front-end DCX and downstream class-D audio amplifier.
The proposed DCX has bidirectional power flowing path. Thus,
the power supply pumping of the half-bridge class-D amplifier
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Circuit diagram of the proposed audio amplifier system.
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Fig.2. Typical impedance of speaker versus different output voltage frequency

of the audio amplifier.

Fig. 3. Half-bridge class-D audio amplifier with a unidirectional front-end
dc—dc converter.

can be reduced since a current path is provided for the reverse
load current.

A. Power Supply Pumping of Half-Bridge Class-D Amplifier

Fig. 2 shows the impedance of the speaker versus the output
voltage frequency of an audio amplifier. It can be observed that
speaker load can be resistive, capacitive, or inductive under
different output voltage frequency.

Fig. 3 shows the half-bridge class-D audio amplifier with
a unidirectional front-end dc—dc converter, and the load is as-
sumed as a resistor. Due to unidirectional power flowing paths,
the reverse load current would cause output voltage pump-
ing of the front-end dc—dc converter. Such voltages pumping
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Fig. 4. Power supply pumping of half-bridge class-D audio amplifier with a
unidirectional front-end dc—dc converter under resistor load. (a) Key waveforms
of the half-bridge class-D audio amplifier. (b) Power supply pumping of the half-
bridge class-D audio amplifier system.

increases voltage stress of switches S,, S, as well as capaci-
tors Cpos, Chneg, and deteriorates the power supply noise of the
half-bridge class-D audio amplifier.

Fig. 4 illustrates the power supply pumping of the half-bridge
class-D audio amplifier system as shown in Fig. 3 with resistor
load. In Fig. 4(a), i, is load current of the half-bridge class-D
audio amplifier, vy is audio reference voltage, and v, is carrier.
The driving signals of switches S, and S, are complementary,
T, is the time when load current is negative and 7}, is the time
when load current is positive.

For negative load current i,, when switch S, is turned ON
and switch S, is turned OFF, load current i, flows from filter
inductor L, into capacitor Cpes through switch S,. Thus, the
charge is stored in capacitor Cl, Which causes bus pumping on
positive power supply of the class-D audio amplifier. Because
voltage vpos is higher than positive power supply voltage Vs,
diode D, is turned OFF. When switch S is turned ON and switch
S, is turned OFF, load current i, flows from filter inductor L,
into diode D,, through switch S;. Thus, the negative power
supply of the class-D audio amplifier provides power for the
load.

For positive load current ¢,, when switch S, is turned ON and
switch S, is turned OFF, load current i, flows from switch .S,
into filter inductor L,. Thus, the charge is stored in capacitor
Cheg, Which causes bus pumping on negative power supply of
the class-D audio amplifier. Because voltage vpe, is lower than
negative power supply voltage Vi, diode D,, is turned OFF.
When switch S, is turned ON and switch S, is turned OFF, load
current %, flows from diode D, into filter inductor L,, through

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 34, NO. 7, JULY 2019

y
VP‘ &) -

? N .

Ve "

T-—_"y W

AVpeg

(®)

Fig. 5. Power supply pumping of the half-bridge class-D audio amplifier
with a unidirectional front-end dc—dc converter under inductive load. (a) Key
waveforms of the half-bridge class-D audio amplifier. (b) Power supply pumping
of the half-bridge class-D audio amplifier system.

switch S, . Thus, the positive power supply of the class-D audio
amplifier provides power for the load.

As shown in Fig. 4(a), yellow area represents the time when
load current 7, is negative and flows into capacitor Cps through
switch S,. Red area represents the time when load current ¢,
is positive and flows into Cye, through switch S;. Green and
purple areas represent the time when positive and negative power
supply provide output power for the load through switches S,
and Sj, respectively. It can be observed that the time of green
area is longer than the time of yellow area and the time of purple
area is longer than the time of red area.

InFig. 4(b), Vjos and V;, are positive and negative bus voltage
for class-D audio amplifier, and Avpes and Avye, are positive
and negative bus pumping voltage. As shown in Fig. 4(b), when
load current ¢, is positive and switch S, is turned ON, the charge
stored in capacitor Cps is discharged to provide output power
for the load. Thus, during the time interval £,—t5, voltage vpes
decreases from the maximum to positive bus voltage Vj,os. When
load current 7, is negative and switch .S is turned ON, the charge
stored in capacitor Cy, is discharged to provide output power
for the load. Thus, during the time interval ¢;—3, voltage vpeg
increases from the minimum to negative bus voltage Vje,.

When the speaker load of the audio amplifier is inductive or
capacitive, load current ¢, in Fig. 4(a) will shift to the right or
left. Fig. 5 illustrates the power supply pumping of the half-
bridge class-D audio amplifier system as shown in Fig. 3 with
an inductive load. With inductive or capacitive load, when load
current i, is negative and switch S, is turned ON, the time
of yellow area is longer than that with resistive load, which
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causes more severe bus pumping on capacitor Cpes. Similarly,
when load current i, is positive and switch S, is turned ON,
the time of red area is longer than that with resistive load,
which causes more severe bus pumping on capacitor Cpee. The
analysis of power supply pumping of the half-bridge class-D
audio amplifier system with inductive load is similar to that
with resistive load.

In order to calculate the power supply pumping of the half-
bridge class-D audio amplifier, setting

Vo = MVpys sin(wt)

m Vi s sin(wt+¢) (1)

7 =
0 ‘Zspcakcr‘

where m is modulation index of class-D audio amplifier, Viys
is power supply voltage of the class-D audio amplifier, which
equals to the magnitude of Vjos and Vi, w is angular frequency
of output voltage of audio amplifier, ¢ is phase difference which
the output current lags output voltage of audio amplifier, and
Zspeaker 1 impedance of the speaker.

In the half-bridge class-D audio amplifier, the duty cycle of
switch .S, is as follows:

de — r 1 . )
Sa—2+2msm(w ). 2)

As shown in Fig. 5, during 77, load current ¢, flows into
capacitor Cpo, through switch S,, which increases the voltage
across capacitor Cpos. If switching frequency and output voltage
frequency of the class-D audio amplifier satisfy f,: f, = N, the
voltage ripple across positive power supply Auvp, satisfy

C’pos‘AfUpos: / W _Zsa(t)dt
i{ mVos <m+ )
= —————sin | —
i Zspeaker| N 7

1 1 . w1
: [2+2ms1n <N>]} 3)

When N — +00, (3) can be rewritten as follows:

2m
Vi
/ —_MPpos sin(z)
T w|Zspeaker|

11
X [2 + 3m sin(z — cp)] dx

Cpos : A'Upos =

_ mV,0s(4 — mm cos o) @

4w ‘ Zspcakcr ‘

Therefore, the ripple voltage across positive power supply is
as follows:

MVyos (4 — mm cos @)
87Tfo |Zspeaker| CVpos .

Similarly, the ripple voltage across negative power supply is
as follows:

(&)

Avpes =

MVpos (4 — mm cos @)

: (6)
87Tf0 |Zspeaker | Cneg

AUncg =
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Fig. 6. Voltage ripple Avpos = Avpeg versus capacitances Cpos = Cheg-

It can be observed from (5) and (6) that when output volt-
age frequency of audio amplifier is low, power supply pumping
is severe. Assume that m = 0.7, Vjos = 35V, Zjgaa = 4 2 and
© = m/6, according to (5) and (6), Fig. 6 shows the relation-
ship between Avpos = Avpye, and capacitances Cpos = Cheg. AS
shown in Fig. 6, if f, = 20Hz, Avpes = Avyey = 35V, large
capacitors Cpos = Cheg = 731.1 uF with 70 V voltage stress are
needed. If smaller voltage ripple Avpes = Avpeg is required, it
has to increase capacitances Cpos = Cheg, Which reduces power
density of the audio amplifier system.

If the diodes D, and D,, in Fig. 3 are replaced by switches
and bidirectional current flowing path is provided for the half-
bridge class-D audio amplifier, the charge can be transferred
instead of stored in the capacitors Cpos and Cyeg, thus power
supply pumping can be eliminated.

B. Topology Derivation of the Proposed DCX

Half-bridge circuit, full-bridge circuit, push-pull circuit, two-
switch forward circuit, etc., can be used in transformer primary
to generate square wave voltage with 0.5 duty cycle. Fig. 7 shows
the circuit configuration of the proposed DCX. When square
wave with a constant duty cycle is generated in the transformer
primary, the proposed DCX can generate constant positive and
negative output voltages when a full-wave or full-bridge recti-
fier is adopted in transformer secondary. Thus, if the leakage
inductance of the transformer is neglected, the bipolar output
voltages of the proposed DCX are always clamped by the input
voltage of the DCX. Therefore, the voltage ripples across out-
puts of the proposed DCX are theoretically zero, even if output
capacitors of the DCX are zero. Thus, the output filter of the
DCX is reduced, and the power density of the proposed audio
amplifier system can be improved.

In Fig. 7, in order to generate symmetric bipolar outputs, two
full-bridge rectifiers are necessary to ensure constant output
voltages in type I DCX, as shown in Fig. 7(a). Compared with
type II DCX as shown in Fig. 7(b), type I DCX needs more
rectifier diodes or switches. Thus, type II DCX with half-bridge
circuit in the transformer primary is adopted.

Fig. 8 shows four kinds of the rectifier. Front-end bidirectional
dc—dc converter is required to reduce power supply pumping in
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Fig. 8.  Circuit diagram of rectifier.

the half-bridge class-D audio amplifier and provide a path for
the reserve load current. The rectifier as shown in Fig. 8(c)
is adopted in the proposed DCX due to bidirectional power
conversion with less active devices.

III. ANALYSIS OF OPERATION MODES AND
CHARACTERISTIC OF THE PROPOSED DCX

In this paper, the proposed DCX is connected to the half-
bridge class-D audio amplifier. For an audio amplifier, the load
current is ac and the frequency range of load current is 20 Hz—
20 kHz, which is much lower than the switching frequency of
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Fig. 9. Circuit diagram of power flow in the proposed DCX. (a) Negative
load current of the class-D audio amplifier when switch S, is turned ON.
(b) Negative load current of the class-D audio amplifier when switch .S} is
turned ON. (c) Positive load current of class-D audio amplifier when switch S,
is turned ON. (d) Positive load current of class-D audio amplifier when switch
S}, is turned ON.

the proposed DCX. Therefore, in one switching period of the
proposed DCX, the load current of the half-bridge class-D audio
amplifier can be regarded as constant since filter inductor is large
and ripple current of filter inductor is small.

Fig. 9 shows the circuit diagram of power flow in the proposed
DCX. As shown in Fig. 9(a), for negative load current, when
switch S, is turned ON, current ij,q flows from switch S, to



ZHOU et al.: SOFT SWITCHING SYMMETRIC BIPOLAR OUTPUTS DC-TRANSFORMER (DCX)

Fig. 10.

A

Equivalent circuit of the proposed DCX.
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Fig. 11.  Key waveforms of the proposed DCX when currents ij5aq,, > 0 and

7A'loznd,n <0.

capacitor C and positive bus is charged. Therefore, the power is
returned to positive bus. As shown in Fig. 9(b), for negative load
current, when switch S, is turned ON, current 7j,,q flows from
switch S} to capacitor Cy. Therefore, the power is consumed by
the load. As shown in Fig. 9(c), for positive load current, when
switch S, is turned ON, current 7jo,q flows from capacitor Cj to
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switch S,. Therefore, the power is consumed by the load. As
shown in Fig. 9(d), for positive load current, when switch S,
is turned ON, current 7j,q flows from capacitor C to switch S,
and negative bus is discharged. Therefore, the power is returned
to negative bus.

As shown in Fig. 5(a), if —90° < ¢ < 90°, the time of green
area is longer than the time of yellow area, and the time of purple
area is longer than the time of red area, which means that the
conduction time of switch .S is longer than that of switch S,
when current 7j0,4 1S negative, and the conduction time of switch
S, is longer than that of switch S, when current ;4,4 is positive.
Thus, the average power of the proposed DCX is positive when
the load current is positive or negative. In the proposed DCX,
positive and negative outputs have bidirectional power, input
port has unidirectional power. For positive output, the feedback
energy can be consumed by the negative output, and for negative
output, the feedback energy can be consumed by the positive
output.

In order to ensure low-distortion of the output voltage at
20 kHz or even higher audio signal frequency, the switching
frequency of class-D audio amplifier is generally very high. As
the switching frequency of class-D audio amplifier is higher
than the switching frequency of the proposed DCX, when the
operation mode of the proposed DCX is analyzed, the load cur-
rent can be regarded as two average equivalent current sources
for the positive and negative bus. The average equivalent current
SOUTCES %oad,p ANd %1oad,n Satisfy

Z.loa‘dﬁp (t) = dSaiload = dSaio (7)
Z‘load,n (t) - dSbiload - dSbio-
From (1), (2), and (7), average equivalent current sources
Tload,p and %jad,,, are as follows:

it () = [} pmsin(o)] 2z

Z.load.,n(t) = - [% - %m Sin(Wt)] %W

In order to simplify the analysis of the proposed DCX as
shown in Fig. 2, assume that all power switches are ideal ex-
cept their body diode and output capacitances Cogs, the output
capacitances of all switches are the same, and the diodes are
ideal. Fig. 10 shows the equivalent circuit of the proposed DCX
connected half-bridge class-D audio amplifier.

A. Operation Modes of the Proposed DCX When Load
Current of Class-D Audio Amplifier is Positive

When load current of the half-bridge class-D audio ampli-
fier is positive, currents %joad,p and 4ioad,, satisty 4pad,, > 0 and
Tload,n < 01inthe equivalent circuit of the proposed DCX. Fig. 11
shows the key waveforms of the proposed DCX. As shown in
Fig. 11, t4; and t49 are the dead time of primary side half-
bridge circuit. If ¢;; and t;4» are neglected, the driving signals of
switches Q1 and )2 are complementary with constant duty cy-
cle 0.5. In order to ensure soft switching of switches S1-52, the
turn-ON of switches S1 and S2 should lag behind the turn-ON
of switch Q1 and ), with a delay time 43 and 4. If dead time
and delay time are neglected, the driving signals of switches
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Operation mode of the proposed DCX when currents ijpaq,, > 0 and djpaq,n < 0. (a) Mode 1(tg—t1). (b) Mode 2(t1—t2). (c) Mode 3 (to—t3).

(d) Mode 4 (t3—t4). (e) Mode 5 (t4—t5 ). (f) Mode 6 (t5—tg). (g) Mode 7 (tg—t7).

S1 and S2 are complementary with constant duty cycle 0.5. In
steady state, the proposed DCX has seven operation modes as
shown in Fig. 12.

Mode 1 [ty—ty]: At tg, switches ()1 and .Sy are turned OFF,
the proposed DCX operates in dead time mode. After switches
(21 and Sy are turned OFF, the output capacitor of switch )y
is charged and the output capacitor of switch () is discharged.
Voltage across node A and node B vap changes from negative to
positive, thus current ¢, - » decreases. The body diode of switch
S is conducted to provide current flowing paths for the free-
wheeling of secondary leakage inductance current iy ;. When
the output capacitor of switch () is completely discharged,

the body diode of switch Qs is conducted and ZVS turn-ON of
switch Q2 can be achieved. This mode is short and ends when
switch @), is turned ON at ¢;.

To ensure ZVS turn-ON of switch ()5, it should have

1 Ly + Ly
2 4n?

1 . 1
+ §LmZLm (t())2 > i(coss,Ql + Coss,Q?)V;nQ- (9)

[—niLm (to) + niLkQ (to) - ierl (tO)]Q

It can be observed from (9), L,, is much larger than L;; and
Ly, and ZVS turn-ON of switch ) can be achieved easily.
If ZVS turn-ON of switch Qs can be achieved in dead time
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tq1,tq1 = t1 — to should satisfy

ty
/ [ _niLk‘l + niLk? - Z'Lm]dt > (Coss,Ql + Coss,Q?)V;n-

to
(10)
Because current iy, can be regarded as constant during ¢4,
(10) can be approximated and rewritten as follows:

in

4L7’l

Mode 2 [t1—ts]: Atty, switch Q5 is turned ON, and the pro-
posed DCX operates in delay time mode. In this mode, because
voltage vap 1S positive, current ¢, i 1 s positive and current i, i o
is negative, the body diode of S5 and diode D, are conducted to
provide current flowing paths for currents ¢y 51 and iy . This
mode is short and ends when switch Sy is turned ON at ¢5.

Mode 3 [to—t3]: At ty, switch Sy achieves ZVS turn-ON. In
this mode, because the load current 7jpaq,, iS positive and the
load current 7j0,q ,, 1S negative, the input power supply provides
power for positive output through leakage inductance Lj; and
switch Ss.

In this mode, because the load current 7jpaq,,, is negative,
voltage vc4 decreases and is lower than vy go. Current iy g9

tqr > (COSS,QI + COSS,C?Q)‘/;H' (11)

_iLm (t())tdl =
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increases from negative to zero, and diode D, achieves ZCS
turn-OFF. This mode ends when diode D is turned OFF at ¢3.

Mode 4 [t3—t4]: Atts, diode Ds is turned OFF. In this mode,
switches Q2 and .S, are conducted. Current iy, i1 still flows from
switch S5 to capacitor C5. This mode ends when switches Qo
and S, are turned OFF at t,.

Mode 5 [ty—ts5]: At ty, switches Q5 and Sy are turned OFF.
The proposed DCX operates in dead time mode. After switches
Q- and S, are turned OFF, the output capacitor of switch Qo
is charged and the output capacitor of switch () is discharged.
Voltage across node A and node B vap changes from positive to
negative, thus current ¢, -y decreases sharply. The body diode of
switch Sy is still conducted when current iy, i1 is positive. When
the output capacitor of switch (), is completely discharged, the
body diode of switch )y is conducted and ZVS turn-ON of
switch Q1 can be achieved. This mode is short and ends when
switch () is turned ON at ;.

To ensure ZVS turn-ON of switch @1, it should have

1 Lk,l + LkQ

. . 1.
B an2 [’leLkl(tz;) +m (t4)]2 + iLmle (t4)2

1
> i(cossAQl + Coss,Q?)VvinQ-

It can be observed from (12), L,, is much larger than L,
and Lo, and ZVS turn-ON of switch 7 can be achieved easily.
If ZVS turn-ON of switch ()7 can be achieved in dead time
tqe, tqo = ts — t4 should satisfy

(12)

ts
/ [niLkl + iL7n,}dt > (Coss,Ql + COSS,QQ)‘/HI' (13)

ty
Because current i1, can be regard as constant during ¢4,
(13) can be approximated and rewritten as follows:

. VinT
1Lm (t4)td2 = ﬁt(ﬂ > (COSS,QI + COSS,Q2)‘/in'
m

Mode 6 [ts—tg]: At ts, switch @)y is turned ON, and the
proposed DCX operates in delay time mode. Current ¢y 5| de-
creases to negative and current ¢y, o is positive. In this mode,
the body diode of S} and diode D; are conducted to provide
current flowing paths for currents iy, 1 and iy, 2. This mode is
short and ends when switch Sy is turned ON at ¢¢.

Mode 7 [ts—t7]: At tg, switch S; achieves ZVS turn-ON.
Because the load current 4jo,q,,, is positive and the load current
Tload,» 1S negative. In this mode, the input power supply provides
power for positive output through leakage inductance Lo and
diode D;.

Because the load current 1,44 ,, is negative and capacitor Cy
is discharged in mode 3 as shown in Fig. 12, current ¢7 5
increases from negative to positive and flows form switch .S to
capacitor C) to balance the charge of capacitor Cj in this mode.
This mode ends when switches (), and S} are turned OFF at t7.

(14)

B. Operation Modes of the Proposed DCX When Load
Current of Class-D Audio Amplifier is Negative

When load current of the half-bridge class-D audio amplifier
is negative, currents 4pad,p and Zjpaq,, satisfy 4jpq, < 0 and
Tload,n > 01inthe equivalent circuit of the proposed DCX. Fig. 13
shows the key waveforms of the proposed DCX. As shown in
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1=, +

1=, +

Fig. 14.
6 (t5—t6)- (2) Mode 7 (t5—t7).

Fig. 13, t4, and t4o are the dead time of the primary side half-
bridge circuit. If ¢;; and t42 are neglected, the driving signals
of switches QX1 and 2 are complementary with constant duty
cycle 0.5. In order to ensure soft switching of switches S1—52,
the turn-ON of switches S1 and S2 lags behind the turn-ON of
switch @1 and @, with a delay time ¢435 and ¢44. If 43 and t44
are neglected, the driving signals of switches S1 and S2 are
complementary with constant duty cycle 0.5. In steady state, the
proposed DCX has seven operation modes as shown in Fig. 14.
Mode 1 [ty—t]: At tg, switches ()1 and .Sy are turned OFF,
the proposed DCX operates in dead time mode. After switches
(21 and Sy are turned OFF, the output capacitor of switch )y
is charged and the output capacitor of switch ) is discharged.
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Operation mode of the proposed DCX. (a) Mode 1 (t9—t1 ). (b) Mode 2 (11 —12). (¢c) Mode 3 (t2—t3). (d) Mode 4 (t3—t4). (¢) Mode 5 (t4—ts5 ). (f) Mode

Voltage across node A and node B vap changes from negative to
positive, thus current iy, | increases sharply. The body diode of
switch 57 is still conducted when current iy i1 is negative. When
the output capacitor of switch @) is completely discharged, the
body diode of switch ()2 is conducted and ZVS turn-ON of
switch Q5 can be achieved. This mode is short and ends when
switch ()7 is turned ON at ¢;.
To ensure ZVS turn-ON of switch @9, it should have

1Lg1+ L2 , 5 1. )
§T[_n2Lk1 (t(]) —tLm (t())] + §Lm YLm (t())

1
> 7(COSS.(21 + COSS,(JZ)‘/HIQ' (15)

2
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It can be observed from (15), L,, is much larger than Ly,
and Lo, and ZVS turn-ON of switch (7 can be achieved easily.
If ZVS turn-ON of switch (Q; can be achieved in dead time
tq1,tq1 = t1 — to should satisfy

t1
/ [*niLkl - Z-Lm}dt > (Coss,Ql + COSS,QQ)‘/iH' (16)
to

Because current %7, can be regard as constant during ¢4,
(16) can be approximated and rewritten as follows:

in

_ierz (t())tdl = tgr > (Coss,Ql + Coss,Q?)%n~ (17)

m

Mode 2 [ti—t5]: At ty, switch Q5 is turned ON, and the pro-
posed DCX operates in delay time mode. In this mode, because
voltage vap 1S positive, current 77, 51 increases to positive and
current i i o is negative, the body diode of .S, and diode D5 are
conducted to provide current flowing paths for currents ¢z, x|
and i1, i o. This mode is short and ends when switch S5 is turned
ON at t9.

Mode 3 [ty—t3]: At to, switch Sy achieves ZVS turn-ON. In
this mode, because the load current 4.4, 1S positive and the
load current 40,4, 1S negative, the input power supply provides
power for negative output through leakage inductance L2 and
diode D.

Because the load current 70,4, 1S negative and capacitor C'3 is
charged in mode 6 as shown in Fig. 14, current iy, 1 decreases
from positive to negative and flows from capacitor C'3 to switch
Sy to balance the charge of capacitor Cy in this mode. This
mode ends when switches (5 and .S, are turned OFF at t3.

Mode 4 [t3—t,]: At t3, switches Qo and Ss are turned OFF.
The proposed DCX operates in dead time mode. After switches
@2 and Sy are turned OFF, the output capacitor of switch Qo
is charged and the output capacitor of switch () is discharged.
Voltage across node A and node B vap changes from positive to
negative, thus current ¢y g o increases sharply. The body diode
of S; is conducted to provide current flowing paths for currents
i1, i1 and the diode D5 is still conducted when current 77 1 i
negative. When the output capacitor of switch (); is completely
discharged, the body diode of switch )1 is conducted and ZVS
turn-ON of switch ()1 can be achieved. This mode is short and
ends when switch () is turned ON at t4.

To ensure ZVS turn-ON of switch ()1, it should have

1 Liy + Lo

5 a2 [—nipg (ts) + nigga(ts) +inm (t3))

1 . 1
+ 7LmZLm (t3)2 > 7(Coss,Ql + Coss7Q2)V;n2-

2 2 (18)

It can be observed from (18), L,, is much larger than Ly,
and Lo, and ZVS turn-ON of switch ()5 can be achieved easily.
If ZVS turn-ON of switch Qs can be achieved in dead time
tqo,tqo =ty — t3 should satisfy

ty
/ [ *niLkl + niLkZ + 7;[/777,](‘11/L > (OOSS,QI + OOSS,QQ)%H'
t-
3 (19)
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Because current i1, can be regard as constant during ¢4,

(19) can be approximated and rewritten as follows:
7:Lm (t4)td2 = Etd? > (Coss,Ql + Ooss7Q2)V1n~
4L,

Mode 5 [ty—ts]: At t4, switch @)y is turned ON, and the
proposed DCX operates in delay time mode. Current iy 51 is
negative and current iy g9 is positive. In this mode, the body
diode of S; and diode D; are conducted to provide current
flowing paths for currents iy 1 and ¢z . This mode is short
and ends when switch S; is turned ON at ¢5.

Mode 6 [ts—tg]: At t5, switch S; achieves ZVS turn-ON.
Because the load current 44,4, is negative and the load current
Tload,» 18 positive. In this mode, the input power supply provides
power for negative output through leakage inductance L;; and
switch S;.

In this mode, because the load current 4544, is negative,
voltage v increases and is higher than vy go. Current iy o
decreases from positive to zero, and diode D; achieves ZCS
turn-OFF. This mode ends when diode D; is turned OFF at tg.

Mode 7 [ts—t7]: Attg, diode Dy is turned OFF. In this mode,
switches Q1 and S; are conducted. Current iy, i still flows from
capacitor Cy to switch S;. This mode ends when switches );
and S, are turned OFF at t;.

(20)

C. Characteristic Analysis of the Proposed DCX

In the positive or negative half ac output current cycle of
the class-D audio amplifier, dead times t4; and t42, as well as
delay times t43 and t44 are very short. If ¢41,%49, %43, and 44
are neglected, according to volte-second balance of Ly, it has

. . T [,
/ [m;” —vc3(t)} :/ {n;/m +Uc4(t)} @D
0 T

From (21), there is

T

/07 ves(t) = —AT vea(t).

2

(22)

According to (22), if voltage ripples across capacitors C and
C) are small, then the average voltage Vi3 is equal to —Viy.
Thus, output voltages of the proposed DCX is symmetric no
matter what load current, which is suitable for providing bipolar
supplies for the half-bridge class-D audio amplifier.

As shownin Fig. 15, the current flowing through a transformer
of the LLC dc—dc converter and the voltage across output capac-
itor of the dual active bridge dc—dc converter are high-frequency
pulsating. Therefore, a large capacitor is required to provide a
stable output voltage in the two kinds of dc—dc converters.

In the proposed DCX, as shown in Fig. 10, if the leakage
inductance of transformer, dead time and delay time as well
as communication of switches are neglected, positive output
voltage and negative output voltage are constant even without
output capacitors because the driving signals of switches Q1
and @2 are complementary with constant duty cycle 0.5 and
the driving signals of switches S1 and S2 are complementary
with constant duty cycle 0.5. The ideal equivalent circuit of the
proposed DCX is shown in Fig. 16. The proposed DCX has



AN
=z B
ol |
;—;-— . Fl g o Eﬂﬂ:ﬁ»
onBerB | spfsph

(b

Fig. 15.  Circuit diagram of the LLC dc—dc converter and the dual active bridge
dc—dc converter. (a) LLC dc—dc converter in [34]. (b) Dual active bridge dc—dc

converter in [21].
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Fig. 16. Ideal equivalent circuit of the proposed DCX.

smooth transition between positive and negative current Zj,q
because input supply can be regarded as voltage source. When
the switches and diodes are ideal, the leakage inductances and
dead time t4;—t40 as well as delay time t43—t44 are neglected,
voltages vcg and vy have no ripples. Then bipolar outputs
voltage of the proposed DCX are as follows:

n/v;n
9 .

Vos = Veou= (23)

In the proposed DCX, the leakage inductance Lo is con-
nected with diodes D; or D, and current 77, o has CCM and
DCM due to complex ac load current of the half-bridge class-D
audio amplifier. Generally, leakage inductances are small and
have limited effect on outputs voltage gains. As shown in
Fig. 17, simulation positive and negative outputs voltage gains
are given with different leakage inductances and load current
by PSIM software. According to (8), the equivalent load current
of the proposed DCX depends on modulation index m when
Zspeaker = 4 Q, 0 = 0,sin(wt) = 1, and Vyys = 54 V. It can be
seen that outputs voltage gains can be regard as constant when
leakage inductances are Ly, = Lyo = L = 0.35 uH.

The comparison between the proposed DCX and some other
front-end dc—dc converters for the class-D audio amplifier is
summarized in Table I. It can be observed from Table I, the
proposed DCX has a simple controller, small output capacitors,
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Fig. 17.  Outputs voltage gains versus modulation index m under different
Ly = Ly = Li. @ (Vos)/(nVin/2).(0)(=Veu) / (nVia/2).

and soft switching of all the switches with bidirectional load
current.

IV. EXPERIMENTAL RESULTS

To verify the analysis results of the proposed DCX, a
200-W prototype is implemented. The circuit diagram is shown
in Fig. 18. Because in the half-bridge class-D audio amplifier
system, the class-D audio amplifier is close-loop and has high
PSRR, the proposed DCX is open-loop and provide a probable
bus voltage for the class-D audio amplifier. Thus, rectified line
voltage is adopted as input power supply for the proposed audio
amplifier system. In order to reduce the input voltage ripple, a
smoothing capacitor Cjj, is parallel with rectified line voltage.

For a 200-W class-D audio amplifier system, when modula-
tion index m = 1, the minimum bus voltages of the half-bridge
class-D audio amplifier should satisfy

(VCiS,min
V2

According to [37], the peak—peak ripple voltage across ca-
pacitor Cj, is

2
> /Rspoakcr Z Pout,- (24)

Pout

A‘/in.) =3 ar ~ 1
PP 2\@,]0111 Oinvac

(25)
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TABLE I
COMPARISON BETWEEN THE PROPOSED DCX AND SOME FRONT-END DC-DC CONVERTERS OF THE HALF-BRIDGE CLASS-D AUDIO AMPLIFIER

References Flyback VDRBHB Bidirectional DC-DC Bidirectional LLC LLC DCX LLC DCX Pronosed DCX
in [8] in [10] converter in [17] converter in [28] in [32] in [34] Top
Switch 1 2 8 8 10 4 4
Diode 2 4 0 0 0 0 2
Inductor 0 2 1 2 0 1 0
Transformer 1 1 1 1 1 1 1
Controller Complex Complex Complex Complex Simple Simple Simple
Output capacitor of the
DC-DC converter 1000 pF 470 puF - - - 440 pF 20 puF
B1d1rect109al power No No Yes Yes Yes Yes Yes
flowing
Soft switching in No / No Yes/ No Yes/ Yes Yes/ Yes Yes / No Yes / No Yes/ Yes
forward / backward mode
Input / output voltage 110 V/48 V| 12 V/x18 V 500 V/250 V 75~130 V/400 V | 380 V/12V | 400 V/12V 311 V454V
Switching frequency 25 kHz 100 kHz 100 kHz 69 kHz~92 kHz 1 MHz 530 kHz 200 kHz
Output power 100 W 60 W 1 kW 1 kW 800 W 300 W 200 W
Efficiency 84.04% 88.3% 98.2% 97.1% 97.6% 97.7% 96.3%
)
T &
£
Vet Qﬂ"' g = _I.':Esa
. - H [l H
+| A 2 2 L
Cin R [~
Vi © : E 3=
Hc, B 52 o |+
220V =, =X 7 2 = ==V
soHz X K Vel" (H 5 2| |4Hs -
Qj =< b Speaker
s GC=
Fig. 18.  Circuit diagram of the proposed half-bridge class-D audio amplifier system.
TABLE II

When the input voltage is minimal, (24) should be satisfied.
The minimal input voltage is

‘/in,min - (1 - 20%) : \/5‘/:10 - AV;n.pp/Q- (26)

When Vae =220V, Py = 200 W, Rspeaker =4 Q7fin =
50 Hz, from (23) and (24)—(26), it has

Ci, > 198.04 uF. 27)

In this paper, Cj, = 220 uF is selected.

The specifications and circuit parameters are given in Table II.

Fig. 19(a) shows output voltage, positive and negative bus
voltage of audio amplifier by using the converter in [10] as
the front-end dc—dc converter, with Vo3 = —Viep = 34V, f, =
20Hz, Rigad = 82, Cpos = Cheg = 50 pF and v, = 13.5 V ac.
It can be observed that the ripple of bus voltages is large.

Fig. 19(b) shows output voltage, positive and negative bus
voltage of audio amplifier by using the proposed DCX as
the front-end converter, with Vg = —Voy =54V, Rigua =
80, Cy = Cy =20 pFand v, = 13.5 V ac. It can be observed
that the ripple of the bus voltages in the proposed DCX is much
smaller than that in [10]. The results verify that the proposed

SPECIFICATIONS AND CIRCUIT PARAMETERS

Output power, P, 200 W
Input Voltage, Vi, / Output Voltage, Vou Nominal 311 V/+54V
Switching Frequency, fs 200 kHz
Capacitors Ci 220 pF
Capacitors C1-C2/ C3-Cy 1 uF /20 puF

Dead time tai=ts/ delay time ta3=tas 60 ns/ 100 ns

N,: Nsi: N 20:7:7
Transformer Magnetizing inductance Ly 85.1 uH
Leakage inductances Lisi-Lis2-Li
(transferred to secondary side) 0.35 pH
Primary side switches QO and O» FDPF20NSOFT
Secondary side switches S; and S> TPH1500CNH
ES3DB

Secondary side diodes D; and D,

DCX eliminates the power supply pumping of the half-bridge
class-D audio amplifier with small DCX output capacitors.
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Fig. 19. Experimental waveforms of positive and negative bus voltage and Hoad (2 A/dlv) 0: : PR
audio amplifier output voltage with 8 Q load. (a) Unidirectional converter b , " o
in [10] with Vpoy, = —Vaeg = 34V, f, = 20Hz, Cpog = Cheg = 500 1iF and ; o loaa (2A/dIV)
v, = 13.5Vac. (b) Proposed DCX with Viog = —Voy =54V, f, = Ve (100 V/div) TN, PR, O, RS NI S
20Hz,C3 = Cy = 20 pFand v, = 13.5V ac. i /- ) Vs (10: :Wd“’)
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Fig.20. Experimental waveforms of the proposed DCX connected half-bridge

class-D audio amplifier. (a) Primary current i, , positive and negative bus voltage
Vs and Vg, and the voltage across transformer primary vag. (b) Currents
i1 k1 and iy, g2 when the half-bridge class-D audio amplifier is light load, and
the voltage across transformer primary vap. (¢) Currents iy, 1 and i, o when
the half-bridge class-D audio amplifier is heavy load and load current %jpaq is
positive, and the voltage across transformer primary vag. (d) Currents iy, f 1
and iy, i o when the half-bridge class-D audio amplifier is heavy load and load
current 10,4 1S negative, and the voltage across transformer primary vag.

Fig. 20(a) shows primary current 4,,, positive and negative bus
voltage Vo3 and V4, and transformer primary voltage vap of the
proposed DCX connected half-bridge class-D audio amplifier.
Fig. 20(b)—(d) shows transformer primary voltage vap as well
as currents 47, 51 and iy g2, when the half-bridge class-D audio
amplifier operates at light load, positive heavy load, and negative
heavy load.

Fig. 21(a)—(1) shows drain-source voltage Vps and gate-source
voltage Vs of the MOSFETs in the proposed DCX when load
current is positive, zero, and negative. It can be observed that
ZVS turn-ON of switches (1—()2 and S1—S5 are realized.

Fig. 22(a) and (b) shows the dynamic performance of the
proposed audio amplifier system with a 8- resistive load, under

© ®
S 7 4 U . Y T ™ %
1 - 00 ns/div o i ki) 400 ns/div
o i (2 AVdIY) B
Vs (100 V/div) s (100 V/div) .

4

g e et

vas (S V/div)  ZVS turn-on vgs (5 V/div) ‘ ZVS turn-on
(2 (h)
© 400 ns/divi |52 400 ns/div
fiwa @A) o :
» iioaa (2 A/div)
. vps (100 V/div). . ,,,,,,vm,,gﬁb,y/div),,,,,V,,,,,‘,,,‘

3 It T
0O N
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Q] G)
S T400 hs/div] [S2 400 ns/div
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Y | e
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Fig. 21.  Waveforms of vpg and vgs of MOSFETS in the proposed DCX.
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Fig. 22. Dynamic performance of the proposed DCX connected half-bridge
class-D audio amplifier with resistive load. (a) Step load increase from 0 A
to 2.5 A for 50 Hz sinusoidal audio amplifier output frequency. (b) Step load
decrease from 2.5 A to 0 A for 50 Hz sinusoidal audio amplifier output frequency.
(c) Step load between 2 A and —2 A for 500 Hz square audio amplifier output
frequency. (d) Step load between 4 A and —4 A for 50 Hz square audio amplifier
output frequency.
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Fig. 23.  Audio amplifier output voltage THD+N versus output power of the

proposed DCX and the converter in [10] connected half-bridge class-D audio
amplifier.

step load variation from 0 A to 2.5 A, and from 2.5 A to 0 A, with
the frequency of the audio amplifier output sinusoidal voltage
is 50 Hz. As shown in Fig. 22(a) and (b), the output voltages
of the proposed DCX are constant under step load variation
of the class-D audio amplifier, which reduces power supply
pumping of the half-bridge class-D audio amplifier with a small
output capacitor of the DCX. Fig. 22(c) shows the dynamic
performance of the proposed audio amplifier system with a
4-Q) resistive load, under step load variation from —2A to 2A,
and from 2A to —2A, with the frequency of audio amplifier
output square voltage is 50 Hz. Fig. 22(d) shows the dynamic
performance of the proposed audio amplifier system with a 4-()
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Fig. 25.  Prototype of the proposed DCX. (a) Power board (Top). (b) Power

board (Bottom).

resistive load, under step load variation from —4A to 4A, and
from 4A to —4A, with the frequency of audio amplifier output
square voltage is 50 Hz. As shown in Fig. 22(c) and (d), the
bipolar outputs voltages of the proposed DCX are smoothing
and stable relatively.

By using audio analyzer (Audio Precision 515), Fig. 23 shows
the output voltage THD+N of the audio amplifier system with
the proposed DCX and with the converter in [10] under different
output power at 20 Hz output voltage frequency with a 4-§)
resistor load. From Fig. 23, output voltage THD+N of the half-
bridge class-D audio amplifier with the proposed DCX is lower
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than that with the converter in [10] because the proposed DCX
eliminates the power supply pumping of the half-bridge class-D
audio amplifier.

Fig. 24 shows the measured efficiency of the proposed con-
verter. It can be observed that the highest efficiency is 96.3% at
100 W load, and the efficiency is higher than 95% over a wide
load range. The proposed DCX idle loss is 2.15 W, and class-D
idle loss is 4.42 W. Fig. 25 shows the prototype of the proposed
DCX.

V. CONCLUSION

A soft switching symmetric bipolar outputs dc-transformer
(DCX) for eliminating power supply pumping of half-bridge
class-D audio amplifiers is proposed. Power supply pumping of
the half-bridge class-D audio amplifier is eliminated by using the
proposed DCX as a front-end dc—dc converter. Compared with
using a bulk electrolytic capacitor to reduce the power supply
pumping and voltage stress of the half-bridge class-D audio am-
plifier, the proposed DCX only need small output capacitors, and
thus the power density of the audio amplifier system is improved.
The proposed DCX provides stable symmetric bipolar output
voltages bus with small switching ripple for the half-bridge
class-D audio amplifier. In addition, the proposed DCX has
smoothing transition between the positive load current and neg-
ative load current with a simple open-loop controller. ZVS turn-
ON of all the switches can be realized under ac load current, and
thus high system efficiency is achieved in the proposed DCX.
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