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Simultaneous Power and Data Modulation Scheme
for LLC Resonant Converter

Keming Liu
Jinghui Chen

Abstract—Power and signal dual modulation (PSDM) integrates
communication functions in power converters, providing an ap-
propriate communication method for power electronics systems.
This article discusses the theory and implementation of PSDM
in resonant converters. The data are modulated into a resonant
converter’s gate signal and then transmitted along with power.
The fundamental principles of the proposed PSDM modulation
are analyzed in detail, and a novel PSDM scheme is proposed.
The decoupling between data modulation and power control is
realized in the communication process. Furthermore, the design
considerations of converter parameters regarding their influence
on the output voltage gain are given to evaluate the reliability of the
proposed PSDM scheme. Finally, a 500 W prototype with a resonant
frequency of 180 kHz is set up, and the experiment achieves a 4.5
kbps bitrate using the proposed modulation scheme, demonstrating
the correctness of the scheme.

Index Terms—Power and signal dual modulation (PSDM),
power electronics system (PES) communication, resonant dc—dc
converter.

I. INTRODUCTION

OWER electronics systems (PES), which have been used
Pextensively in microgrids, renewable energy generation,
and energy storages, are of crucial importance in solving the
energy crisis [1], [2], [3]. The performance of PES heavily relies
on its communication system [4], which is critical for system
condition monitoring, fault diagnosis, energy management, sys-
tem protection, and flexible control. Therefore, communication
in PES has been a main research topic.

Different communication methods, including fieldbus com-
munication, wireless communication, and power line communi-
cation, have been applied in PES [5], [6], [7]. However, consid-
ering hardware volume, costs, security, and real-time control
performance, the mentioned communication methods cannot
satisfy the various requirements of PES.

Recently, a novel simultaneous power and information modu-
lation scheme called power and signal dual modulation (PSDM),
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also dubbed talkative power conversion, has demonstrated the
capability to satisfy the PES communication requirements [8],
[9], [10], [11]. By embedding information into power using
power electronics converters, PSDM can realize simultaneous
power conversion and signal generation while multiplexing the
power buses as communication wires. As a result, no special-
ized communication hardware or wires are required for signal
transmission, reducing the volume, complexity, and costs of the
system. Moreover, power converters are integrated with the com-
munication links, providing good real-time control performance,
high reliability, and strong robustness.

PSDM schemes are classified as PSDM by controlled ripple
(PSDM-CR) and PSDM by switching carrier (PSDM-SC) [12].
PSDM-CR superimposes signals on the duty cycle in pulse width
modulation (PWM), and the converters are controlled to produce
low-frequency signals at their input/output ports [13], [14], [15],
[16]. A typical power talk strategy is proposed in [13] for direct
current microgrids to realize communication, which achieves
a bitrate of 0.001-100 bps using baseband data transmission.
To broaden the application, [14] discusses the virtual resistance
optimization methods to maximize the effective signal-to-noise
ratio, but the communication rate is still limited by the baseband
data transmission. To achieve a higher communication rate, [15]
introduces a phase-control-based carrier into the control loop
of the photovoltaic optimizer as the data carrier, and a 2 kbps
communication rate is obtained among optimizers. Besides,
in [16], orthogonal frequency division multiplexing (OFDM)
is applied to enhance the communication rate to 9.6 kbps by
increasing frequency band utilization. PSDM-CR is capable
of adjusting the signal amplitude to meet the requirements of
different applications. However, it is hard to achieve a high
communication rate due to the low-frequency control of the duty
cycle.

PSDM-SC modulates data into the PWM carrier by control-
ling its phase or frequency and takes the output ripples of power
converters as the data carriers. With the high carrier frequency,
a high communication rate can be achieved. In [17], [18], [19],
[20], and [21], PSDM-SC schemes using frequency shift keying
(FSK) are proposed to integrate data transmission with power
conversion. M-ary FSK modulation employs M frequencies as
carrier frequencies, thereby enhancing the communication rate
[22]. Nevertheless, M-ary FSK requires a larger bandwidth, and
the available bandwidth of the converter is limited, which hinders
its implementation. To improve the bitrate, modulation schemes
including differential phase shift keying (DPSK) and quadrature
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TABLE I
LITERATURE COMPARISON
Reference PSDM type Topologies Data modulation
Time division multiple
[13] PSDM-CR Boost access (TDMA)
[15] PSDM-CR Buck DPSK
[16] PSDM-CR Buck, boost OFDM
[19] PSDM-SC Buck FSK
Phase shift full

[23] PSDM-SC bridge (PSFB) PSK

Two-phase
[24] PSDM-SC buck QAM

Frequency hopping—DPSK

[26] PSDM-SC Buck (FH-DPSK)

amplitude modulation (QAM) are applied in PSDM-SC [23],
[24], [25], [26]. Chen et al. [27] investigate the compatibility of
duty cycle, frequency, and phase in PWM and employ a control
ripple and switching ripple combined modulation scheme, which
further enhances the bitrate performance of PSDM. PSDM-SC is
suitable for high-speed communication applications. However,
the signal amplitude is determined by the passive components
and cannot be adjusted by the software.

According to Table I, the mentioned PSDM schemes focus
on communication improvement in nonresonant dc—dc con-
verters. Only a few studies have been carried out on resonant
dc—dc converters. In [28] and [29], FSK is achieved based on
a CLLC converter with a bitrate of 60 bps, and no further
improvement on the modulation scheme has been reported.
However, resonant converters have higher efficiency and power
density than hard-switching converters or soft-switching PWM
converters [30], [31] and are widely used in on-board battery
chargers, distributed power systems, renewable energy gener-
ation systems, etc. Therefore, this artticle aims to propose a
new PSDM scheme for resonant dc—dc converters to further
improve the bitrate. The main contributions of this article are as
follows.

1) The control principles of duty cycle, frequency, and phase
are discussed in detail, and a novel PSDM scheme is
proposed.

2) The design considerations of converter parameters re-
garding their influence on the output voltage gain are
discussed to maintain the power quality and realize reliable
communication.

3) Anexperimental system is built, and reliable communica-
tion with a 4.5 kbps bitrate is achieved, which verifies the
feasibility of the proposed PSDM scheme.

The rest of this article is organized as follows. Section II dis-
cusses the theoretical communication capability of duty cycle,
frequency, and phase control and provides a control scheme
when frequency and phase are applied for communication. In
Section III, the design considerations of converter parame-
ters are given. Section IV conducts the experiments to clarify
the correctness of the theory and verify the feasibility of the
proposed PSDM scheme. Finally, Section V concludes this
article.
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Fig. 1. Topology of half bridge DCX and critical waveforms. (a) Half bridge

DCX circuit. (b) Critical waveforms.

II. PRINCIPLE OF PROPOSED MODULATION SCHEME

The fixed-frequency LLC converter, also known as a DC
transformer (DCX), has good power performance and is con-
venient in system control and converter design. Thus, it has
become a popular resonant dc—dc solution for various industrial
applications [32], [33], [34]. Being a typical resonant dc—dc
converter, DCX is chosen to be the topology for the theoretical
analysis and the PSDM scheme design in this article.

The schematic of a half-bridge DCX with a full-bridge recti-
fier is depicted in Fig. 1(a). The voltage and current waveforms
of the DCX are given in Fig. 1(b). vgs1,Vgs2 and vgs1,Vgs2 are
the gate to source voltage and the drain to source voltage of Q
and Qo, respectively. iy, is the magnetizing current, and iy, is
the primary resonant current. iqs; and 242 are drain to source
current of Q1 and Qq, respectively. ip is the rectified current. ¢4
is the dead time, and the zero-voltage switching (ZVS) process is
realized in tzys. The input current é;, is the same as the current
1gs1- Due to the symmetry of the operation, only half of the
switching cycle to—t3 in Fig. 1(b) are described below.

[to—t1]: At tg, vgs1 1s already decreased to zero, and Q; is
turned on with ZVS. L, resonates with C;, and the power is
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Fig. 2. (a) Modulation diagram of PSDM-CR. (b) Modulation diagram of
PSDM-SC.

transferred from the primary side to the load. The voltage on
Ly, is clamped by the transformer reflected voltage of output
voltage, so 4., increases linearly.

[t1—t2]: At tq1, Qq is turned off. Then, 7,, charges Qi to Vi,
and discharges Qq to zero. The voltage on Ly, is not clamped,
so Ly, starts resonating with L, and C}.

[to—t3]: At to, the current through the body diode of Qo, L,
starts resonating with C;, and the power is transferred from the
primary side to the load. L, is clamped again. At t3, vgs2 1S
already decreased to zero, Qg is turned on with ZVS, and the
current shifts from the body diode to the channel of Q.

To realize power conversion, the conventional modulation
scheme sets the duty cycle d to 1/2, the switching frequency
fs to f;, and the phase fixed, where f, is the series-resonant
frequency determined by

P 1
Y oL, G,

The existing PSDM schemes modulate data using the duty
cycle, frequency, and phase of the converter’s gate signal. There-
fore, the three aspects are also used in the proposed PSDM
scheme to achieve data modulation, and the detailed discussions
are analyzed in this section.

ey

A. Analysis About Data Modulation Capability of Duty Cycle

In PSDM-CR, modulated subcarriers e(t) are superimposed
on the reference wave v, (), and then compared with switching
carrier vg;(t) to modulate data into gate signal ¢(t) as shown in
Fig. 2(a). When PSDM-CR is applied, there are two methods to
control the gate signal of DCX as shown in Fig. 3: asymmetrical
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Fig. 3. Gate signals of primary mosfets Q1 and Q2 in one switching period.
(a) Asymmetrical control mode. (b) Symmetrical control mode.

and symmetrical control modes. However, both methods have
respective drawbacks when applied to DCX.

In Fig. 3(a), asymmetrical gate signals mean that primary
switches Q; and Q. have different duty cycles in a switching
period T, which can be expressed as

dqi + dg2 = 1
dq1 = dgi + dov1
dq2 = dqt + dova
dQ17 dQ2 7& 0.5

where dq; and dq2 are duty cycle of Q; and Qg in 7}, respec-
tively, and they consist of dead time part dq, and valid time
part dgy,; (x = 1, 2). Data can be modulated into gate signals
by changing dq; and dq2. Once applied in DCX, this type of
gate signal brings the dc voltage component to the resonant
capacitor C', and the dc component to the magnetizing inductor
Ly,. It is clear that C; and L, have higher voltage and current
stress, making it harder for converter design and increasing costs.
Moreover, the ZVS condition of the primary switches will be
influenced, which is unacceptable for the converter. Thus, the
asymmetrical gate signals cannot be adopted for simultaneous
power and signal transmission.

In Fig. 3(b), symmetrical gate signals mean that primary
switches Q; and Q2 have the same duty cycle in a switching
period, which can be expressed as

{dQ1 —dg = 0.5
dq1, dq2 = dqi + dqy

)

3)

where dq and dqo are duty cycle of Qq and Q2 in T§, respec-
tively, and they have the same dead time part dg and valid time
part dgy. By changing dq, at different switching periods, data
can be modulated into the gate signals. However, due to the
ZVS of the primary switches being realized during [#1, 2] in
Fig. 1(b), different rising edge moments 73 within [#2, 74] of Q2
bring the same current and voltage waveforms. In this case, the
data is modulated only into the gate signals of DCX, but not
transmitted along with power. Thus, the symmetrical-mode gate
signals cannot be adopted for simultaneous power and signal
transmitting as well. Consequently, the duty cycle should not be
applied for data modulation.

B. Frequency Modulation Scheme

Data can be modulated into switching carrier using PSDM-SC
in Fig. 2(b) by applying FSK. Because the switching frequency
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fs of the DCX is set constant for power control, the average
value of f; should remain constant if FSK is used. To achieve this
goal, a specialized symmetrical frequency position modulation
(SFPM) is developed, which is shown in Fig. 4, where fy, is the
balance frequency, fyu. is the communication frequency, and
Af is the frequency interval between either fgu, or fua and
fr- faaa and foa can be expressed as

{fdata:fr +Af )
f bal = f r = Af

The amplitude of disturbance brought by the frequency
change depends on the difference of fgu, or fpa to fr and
parameters of the resonant network within a symbol duration,
the period numbers of fyu, OF foa are

Naata = f data - Tdata
Noat = foar - Thal &)
Thata = Tow = Tsym / 2

where Ty, and Ty are duration of fgu, and fi,, respectively,
Nata and Ny are positive integers, and Ty, is the duration of
a symbol. The sequential positions of communication carriers
and balance carriers represent two digital numbers.

The rectifier network of DCX doubles the carrier frequency.
Suppose the fundamental frequency component of the modu-
lated square gate signal s, (t) is

Sm (t) = A cos (wet + weto) (6)

where A, w, and w.ty are amplitude, angular frequency, and
phase, respectively. With full-wave rectification applied, the
rectified signal can be expressed as

5d4 (1) = |sm (£)] = A | cos (wet + weto) | 7

where sq(t) is the rectified signal. As long as the sampling
frequency fsample satisfy the Nyquist sampling theorem signified
in (8), where fiax = 2max(fga), demodulation will not be
influenced by the rectification

fsample > 2fmax~ (8)

In conclusion, FSK and SFPM modulation can be combined
in the proposed specialized symmetrical frequency encoding
method, which increases the bitrate while keeping balanced
power control.
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Fig. 5. Critical waveform of transition process.

C. Phase Control and Compatibility With Frequency

A transition process is inserted between two symbols for phase
modulation. By controlling the duration of the transition process,
the phase of the gate signal can be shifted from one to another,
thereby avoiding abrupt phase changes that disturb the working
condition of the devices in the converter.

Relevant waveforms are depicted in Fig. 5, where T, is the
duration of transition process, and fiys is the frequency during
transition process defined as

ftrans = fs + Aftrans~ 9)

To balance the power in the transition process, the average
frequency difference of transition process should satisfy

N
Z Aftransj . T’transj =0 (10)

j=1

where there are N transition process in a data frame, and A firans,
and Tiaps; are frequency deviation and duration of jy, transition
process, respectively. Suppose the communication frequency of
(j+1)¢n symbol is fs + A faw, the total phase shift is decided
by

L — R ; (11)
fs + Aflrems‘7 2m fs + Afduta
and it can be simplified as
s T A faa
o = 2K T - f + fdata (12)

fs + Aftransj

where there are K periods in the duration of the transition
process, ¢ is the phase shift of the (j+1)¢, symbol.

D. Modulation and Demodulation Principles

The proposed modulation process of the switching carriers is
shown in Fig. 6(a). First, the input bits are split into frequency
modulation and phase modulation bit streams. Then, the fre-
quency difference A f and the sequential position P are obtained
according to the frequency data by the frequency modulation
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Fig. 6. (a) Diagram of Carrier modulation unit. (b) Frequency waveform of

proposed PSDM scheme.

unit, and the frequency during the transition process fians is 0b-
tained according to the phase data by the phase modulation unit.
The above frequency modulation and phase modulation units are
controlled independently. The period counter is responsible for
counting the number of periods in the communication process.
Finally, the frequency decision unit determines the frequency of
the switching carrier based on the three inputs A f, P, and fi;ans,
the results are modulated switching carrier signals.

Fig. 6(b) indicates the frequency waveform of the proposed
PSDM scheme. Different A f represents different FSK modula-
tion data. The SFPM not only helps keep the average frequency
constant but also contains data, and there is one frequency
shift from fs + Af to fy — Af or vice versa in every symbol.
The phase modulation data is modulated only in the frequency
component f; + Af by the transition process. The proposed
PSDM communication signal s(t) of the iy, symbol can be
expressed as

s(t) = Amcos 27 (fs + Afi)t + vi] (13)
d6i
01 = fit + 2o W (14)

where A, fs + Afi, p; are amplitude, frequency, and phase,
respectively, ©max 1S the maximum phase shift angle and it
satisfies Ymax < 7, d(1) is the iy}, phase data, and M is the total
number of the phase.

The proposed demodulation process is shown in Fig. 7. First,
a differential amplifier (optional) and a bandpass filter (BPF)
are used to extract the signal from the output voltage of the
DCX as shown in Fig. 7(a). Then the demodulation is achieved
by the DSP as shown in Fig. 7(b). The coherent demodulation
is used to extract the frequency and phase of each carrier.
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Fig. 7. Diagram of demodulation process. (a) Voltage sensing circuit.
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The sequential position is acquired according to the results of
coherent demodulation. Finally, corresponding data is obtained
by the data decision unit.

Different communication frequencies should satisfy the or-
thogonal condition within a demodulation window

Tdc
/ €08 (27 faata,, t) cOS (27 faata, t) dt = 0 (15)
0

where Ty, is the duration of the demodulation window, fqa, 1S
the communication frequency, k # i, k, i = 1,2,..., L. The
necessary and sufficient condition of (15) is

L

B f data

where L € N*. Equation (16) implies that there should be an
integral number of communication period in a demodulation
window. Suppose the minimum frequency interval in (4) is
A fmin, the minimum duration of the demodulation window
Tde_min is

Tae 16)

1

Afmin ' (17)

Tdefmin =

III. DESIGN CONSIDERATIONS

When the data modulation scheme in frequency and phase is
applied, the design of the DCX should be optimized to achieve
better performance. The optimizations include the design of
the switching frequency, the choice of circuit elements, and the
implementation of ZVS. Detailed discussions are analyzed and
presented in this section.
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A. Frequency Design

Using fundamental harmonic analysis [35], the normalized
input-to-output voltage-transfer function can be expressed as

Lo % f2
[(Ln+1) x f2 =1 +j[(f§ = 1) X fa X Qe X Ln]
(18)
where f,, = fs /f; is the normalized frequency, Ly, = Ly, /L

. . . 2 . .
is the inductance ratio, R, = 8;? X R, is the ac equivalent

resistance, R, is theload, and Q. = —VLR:/Cr is the quality factor.
The gain curve of DCX is shown in Fig.e& where the peak gain
frequency f, divides the figure into the capacitive region and
inductive region. When fs > f, the converter operates in the
inductive region, which can be used for communication. When
the converter sends data, the corresponding balance frequency

foal and communication frequency fg, should satisfy

fp < fbal < fr < fdata
Mg(fbal)mm < 1 < Mg(fdata)max
frange = fdata - fbal

where M ( foar) in A0 Mg ( faata) oy ar€ permitted minimum and
maximum gain, respectively. In order to avoid large gain pertur-
bation caused by communication, the communication frequency
range frange should be less than 1/10 of f;.

From the perspective of communication, the normalized fre-
quency range decreases with increasing f,, which brings smaller
gain perturbation. Under a constant communication frequency
range frange, the higher f;, the lower the gain perturbation. Mean-
while, as f, increases, the converter becomes more compact,
and the switching losses and ZVS become more significant.
Nevertheless, f, cannot be too high due to component band-
width, board-layout concerns, magnetic-core losses, parasitic
parameters, etc.

My =

19)

B. Influence of L., and Q. on Gain Function

Ly, and @, are fixed once their physical parameters are deter-
mined. Fig. 9(a)—(d) illustrate the relationships between f,, and
M, under different L,, and Q)., where the normalized frequency
corresponding to the resonant peak moves with respect to the
change in Q. for a given L,,, and the operating point (f,, Ms)
= (11) is independent of L, and Q).

The values of L,, and @), should keep the DCX working in the
inductive region in the whole communication frequency range.
Fig. 10 depicts the maximum relative gain difference AM g with

24r
2.2}
20}
18+
16+

Ln=1 |

— Qe=0.1 — Qe=0.4
—— Qe=0.2 — Qe=0.5 ||
0e=03 —— Qe=0.6 |

Ln=5
—— Qe=0.1 — Qe=0.4 |
—— Qe=0.2 —— Qe=0.5
0e=0.3 —— Qe=0.6

=0

Gain, M,

14}
12

1l ~—_ 1 095! \
08} — | NS

0.6
08 085 09 095 1 105 L1 115 1.2
Normalized Frequency, f,

0.9
08 085 09 095 1 105 LI LI5S 12
Normalized Frequency, f,

(a) (b)
1.03 - . .
Ln=10 Ln=20
—— 0e=0.1 — Qe=0.4 ! 102 —— 0e=0.1 — Qe=0.4|1
—— 0e=02 —— Qe=0.5 Lo1k — 0e=02 — 0e=0.5| |
0e=0.3 —— 0e=0.6 : 0e=0.3 —— 0e=0.6

0.96
08 085 09 095 1 105 LI LI5S 12
Normalized Frequency, f,

0.94
08 085 09 095 1 105 LI LI5 12
Normalized Frequency, f,

(©) (d)
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respect to Ly, and Q. in the proposed communication frequency
range (f, € [0.9,1.1]). When L, is constant, the increasing @,
brings a smaller amplitude of the gain perturbation. When Q).
is constant, a large L, has a significant suppression on gain
perturbation.

C. ZVS Realization

The primary-side switches’ ZVS is realized by extracting the
charge of the switches’ parasitic output capacitors using the
magnetizing current. The parasitic capacitance Cog of primary-
side switches is nonlinear, so the charge in the capacitor is not
proportional to the rated capacitance during the ZVS process.
According to [32], the average integral equivalent capacitance
Co 18 in proportion to the charge in the capacitor, which helps
describe the ZVS process precisely. According to Fig. 1(b), the
ZVS condition of primary-side switches is given by

200[1‘ ‘/El’l

I Lm Z
tzvs

(20)
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TABLE IT
EXPERIMENT PARAMETERS
Parameter Value Parameter Value
Vin 380V Ty 666.6 us
Ve 48V Tae 166.6 ps
M-ary
L 120 pH (FSK) 2
M-ary
L, 8.6 uH (SFPM) 2
M-ary
C, 90 nF (DPSK) 2
Cout 200 pF DSP TMS320F28377DZWT
P, 500 W Primary IPW50R190CE
switches
£ 180 kHz Rectifying STPS30SMS0C
diodes
Af 3 kHz,6 kHz Bitrate 4.5 kbps
+0— 1
Via |
- 0— i
Fig. 11.  Block diagram of converters cascade experimental system.

where I, is the peak value of magnetizing current, Vj, is the
input voltage. I, is related to the on time of primary-side
switches as

0.5T5 - 0.5Vi,
2L,

where T is the switching period. The magnetizing inductance
L, should be designed as large as possible to reduce the con-
duction loss related to current. To guarantee the ZVS realization
in the whole communication process, T should equal the mini-
mum communication period Thamin. Then substituting (21) into
(20), the condition for the magnetizing inductor is derived as

ey

ILm ~

o< Thaimin - tzvs
" 16Cy

From the perspective of the ZVS realization, the tradeoff
between L., and tzys should be made once the primary-side
switches and Tpamin are determined.

(22)

IV. EXPERIMENTAL VERIFICATIONS

To validate the feasibility of the proposed PSDM scheme
applied in DCX, a prototype system is built, and its parameters
are listed in Table II. The duty cycle of the gate signal is set to
1/2. Frequency control is applied for the transition processes,
FSK and SFPM. The switching frequency is 180 kHz when DCX
is not sending data. Phase control modulates data on the phase
of output voltage/current ripples. When DCX is cascaded to a
voltage regulator, the block diagram of the experimental system
is shown in Fig. 11.

Fig. 12 shows the output voltage (CH1) and output current
(CH2) waveforms of the DCX when the switching frequency
is set to 180 kHz, and their dc values are 48.5 V and 10.3
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Fig. 13.  Soft-switching waveforms of primary switches.

A, respectively. From the zoomed-in waveform of CHI, the
voltage ripple is 360 kHz due to the rectification of the secondary
rectifiers, and the peak-to-peak amplitude of the voltage ripple
at the resonant frequency is 267 mV.

The soft-switching waveforms of the primary switches are
shown in Fig. 13. These waveforms are tested at the resonant
frequency with Vi, = 380 V. CH1 is the gate signal, CH2 is
the voltage waveform between the drain and source of Q;, and
CH3 is the primary resonant current. The secondary parasitic
capacitance has an influence on the ZVS [36], leading to a small
perturbation of the primary resonant current during the dead time
in CH3.

The phase-shift experimental waveforms with the transition
process are illustrated in Fig. 14, where CH1-3 is the gate signal
of Qi, the primary resonant current, and the output voltage
ripple, respectively. The frequency of the gate signal is 180
kHz. One 174 kHz switching period is introduced as a transition
process, leading to an approximately 24.8° phase shift of the
360 kHz output voltage ripple. The amplitude of the output
voltage disturbance caused by the transition process is 105 mV.
Compared with the output voltage ripple, the disturbance is small
enough that it does not affect the power conversion.

The waveforms of phase shift when the converter sends ran-
dom data are shown in Fig. 15, where CH1 denotes the primary
resonant current, CH2 denotes the output voltage ripple, CH3
and CH4 denote sent and received data, respectively, and CH5



LIU et al.: SIMULTANEOUS POWER AND DATA MODULATION SCHEME FOR LLC RESONANT CONVERTER 277

10us/div
| Ous/dty

b e L L0V
| | |
1

spnl_|

FFEF ‘ ; _
Frequenc shlft
N-iy/\ q T IA/div

WV VW A JWW\/V

i}

|||—?

Il—t’

|||—x)

(b)
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Fig. 15. Experimental waveforms of phase shift with transition process when
sending random data.

Fig. 16.

Experimental waveforms of FSK and SFPM.

denotes the frequency spectrum of CH2. The output voltage
is stable in the signal transmission process, and the 360 kHz
frequency component can be explicitly seen from CHS. Com-
paring the data sent and received, all data are received correctly.
Therefore, it is applicable to realize information transmission
using phase in DCX without affecting the power conversion.
The FSK and SFPM experimental waveforms are shown in
Fig. 16, CHI-5 are the primary resonant current, the output
voltage ripple, the sent data, the received data, and the fre-
quency spectrum of CH2, respectively. The output voltage varies
with the change in frequency while its average value remains
constant. The amplitude of the variation is determined by the

\

A e Sy 10,
"'I-"II

Fig. 17.  Experimental waveforms of proposed PSDM scheme under multiple
operating converters.
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Fig. 18.  Efficiency comparison experiment.

gain curve of the DCX and the range of frequency variation.
In addition, all the data are received correctly, demonstrating
the proposed frequency modulation scheme can be applied for
communication. Due to the data modulation, 183 and 186 kHz
are used for communication frequencies, and the corresponding
balanced frequencies are 177 and 174 kHz, respectively. There-
fore, there is no peak at 360 kHz in CHS.

When converters are connected as shown in Fig. 11, the
performance of the proposed scheme is shown in Fig. 17, where
the DCX serves as the data sender and the regulator (buck) serves
as the data receiver. The regulator operates at 150 kHz, and it can
be clearly observed in CH5. For DCX, 183 and 186 kHz are used
for communication frequencies, and the corresponding balanced
frequencies are 177 and 174 kHz, respectively. Therefore, there
is no peak at 360 kHz in CH5. CH1 is the primary resonant
current of DCX, CH2 is the output voltage ripple of DCX,
CH3 is the sent data of DCX, and CH4 is the received data of
regulator.

The communication from the DCX to the down-stream volt-
age regulator is established, and all data is correctly transmitted
orreceived. Furthermore, using the existing PSDM methods [18]
and [26], the regulator can also serve as the data sender, which
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has been studied in previous research and is not discussed in
detail in this article. The conclusion can be drawn that the com-
munication is applicable in occasions with multiple operating
converters. It should be noted that there may be corruption in
the data when the converter responds to transients in power.
If the frequency of the power transient response is not within
the bandwidth of the BPF, it can be suppressed and filtered by
the BPF. If the frequency of the power transient response is
within the bandwidth of the BPF, the data demodulation will be
influenced. The relevant power transient response suppression
methods merit further research.

Fig. 18 shows the efficiency curves of applying the proposed
PSDM scheme (blue line) and traditional fix-frequency control
(red line) for LLC-DCX. The maximum efficiency difference is
0.3%.

V. CONCLUSION

This article proposes a novel PSDM scheme for resonant
dc—dc converters. By multiplexing the power buses as communi-
cation wires, no extra modulation units or auxiliary power supply
are needed, simplifying the system structure and improving
communication reliability. The control principles of duty cycle,
frequency, and phase are analyzed, showing the feasibility of
the proposed scheme using frequency and phase control. A
practical modulation method using frequency and phase con-
trol is proposed for bitrate improvement. In addition, design
considerations of converter parameters are provided to achieve
the ZVS and maintain power quality during the communication
process. Finally, the bit rate of 4.5 kbps is achieved on a 500 W
experimental platform to verify the rationality of the theoretical
analysis.
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