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Abstract—Talkative Power Conversion (TPC) is an emerging
technique in power electronics that integrates power conversion
with embedded communication, enabling efficient real-time data
exchange in energy systems. Traditional Frequency-Shift Keying
(FSK) modulation, commonly used in power electronic DC-DC
converters, is limited to transmitting only one bit per time
unit per terminal, thereby constraining data transmission rates.
To overcome this limitation, this paper proposes an enhanced
FSK modulation scheme that utilizes Pulse-Width Modulation
(PWM) and logical OR operations to enable the simultaneous
transmission of multiple bits per time unit. Theoretical analysis,
along with simulation and experimental results, clearly validates
the effectiveness and correctness of the proposed method.

Index Terms—Talkative Power Conversion (TPC), Frequency-
Shift Keying (FSK), Pulse-Width Modulation (PWM), Power
Electronics, Converter Modulation

I. INTRODUCTION

Due to the geographically dispersed nature, intermittency,
and randomness of renewable energy sources such as solar
and wind, an increasing number of distributed generation (DG)
and energy storage systems (ESS) are being integrated into
modern power grids. This growing penetration of renewable
energy requires more intelligent and efficient power conversion
techniques to ensure grid stability, optimize power flow, and
enable seamless coordination among power electronic devices
[1]. Traditional power converters focus solely on energy con-
version, often requiring separate communication infrastructure
to facilitate system coordination. This separation increases
complexity and cost in dynamic energy environments. To
address these challenges, Talkative Power Conversion (TPC)
has emerged as a novel solution that integrates communication
within the power conversion process [2], [3].

TPC can be implemented using various techniques, where
data can either be superimposed into a reference modulator
or achieved by modifying the carrier signal itself [4]. TPC
techniques suitable for PWM-based power converters are
particularly promising due to their widespread adoption in

modern energy conversion systems. PWM-based TPC can be
categorized into Frequency-Shift Keying (PWM-FSK), Phase-
Shift Keying (PWM-PSK), Pulse Position Modulation (PWM-
PPM), and Frequency Hopping-Differential PSK (PWM-FH-
DPSK) [5], [6]. As multiple power electronic devices com-
municate within an integrated system, various multiple-access
technologies are employed to efficiently manage shared com-
munication resources. Techniques such as Time Division Mul-
tiple Access (TDMA), Frequency Division Multiple Access
(FDMA), and Code Division Multiple Access (CDMA) have
been adopted to ensure reliable and interference-free data
transmission, allowing seamless coordination between inter-
connected power converters [3]. Some studies have shown
that implementing spread-spectrum modulation might help
to overcome conducted electromagnetic interferences [7]–[9].
Others have leveraged TPC in wireless power transfer [10] as
well as in applications such as photovoltaics [11] and batteries
[12].

Although TPC modulation techniques have been proposed
for various types of converters [4], they are typically con-
strained to transmitting only one bit per time unit by one mod-
ulator. For instance, in PWM-FSK modulation, where data is
encoded by switching between two operating frequencies, this
limitation results in relatively low data transmission efficiency.

To overcome the aforementioned constraints, this work
proposes a multicarrier PWM-FSK modulation strategy by
synthesizing multiple PWM carriers and employing a log-
ical OR operation to encode two bits simultaneously. This
approach effectively increases data throughput while retaining
the robustness and simplicity of FSK. Furthermore, the impact
of duty cycle variations and spectral characteristics are sys-
tematically analyzed, followed by the development of a duty
cycle compensation algorithm to mitigate nonlinearity. Finally,
the proposed method is validated through both simulations
and experimental results, demonstrating its feasibility and
effectiveness in practical applications.



Fig. 1. Implementation of the PWM-FSK for TPC where f 1 rep 0, f 2 rep
1.

II. MULTIPLE CARRIER MODULATION FOR TPC

This section starts with an overview of the PWM-FSK
modulation for TPC. In the second subsection, it is extended
to the proposed multicarrier TPC.

A. PWM-FSK Modulation

A simple buck converter utilizing PWM-FSK modulation is
introduced, as illustrated in Fig. 1. The talkative functionality
is achieved by alternating the carrier’s frequency between f 1

and f 2, representing binary states ”0” and ”1,” respectively.
Without altering the duty cycle, data is embedded into the
power line through frequency variations [13], [14]. On the load
side, the signal can be demodulated using various techniques
such as the Fast Fourier Transform (FFT) algorithm, as well as
coherent and non-coherent detection methods, ensuring robust
and efficient data retrieval.

However, to ensure data quality, the period of one bit
typically spans multiple switching cycles, further constraining
the achievable data rate. To address this issue, a multi-carrier
modulation scheme is proposed in the next section, aiming to
enhance data transmission efficiency.

B. Multicarrier Modulation

In order to inject additional data into the output signal of the
modulator, two PWM signals, x1(t) and x2(t), are generated
like conventional PWM-FSK modulation. However, directly
adding these PWM signals is impractical because switches
operate in an on-off mode, where each PWM signal has only
binary output values of

�
0; 1

	
.

To generate a valid output signal from these Boolean
signals, an OR operation is applied. By implementing an OR
gate to combine x1(t) and x2(t), the switches can be properly
controlled, ensuring the correct functionality of the system.
The proposed multi-carrier modulation scheme is illustrated in
Fig. 2, where four triangular carriers with different frequencies
are employed instead of two. Specifically, f 1 0 and f 1 1 are
used to transmit Data 1, while f 2 0 and f 2 1are responsible for
transmitting Data 2. The two resulting PWM signals are then
combined using an OR operation block to generate the final
control signals y(t) and y(t). The corresponding waveforms
are shown in Fig.3.

However, the duty cycle of the output signal is no longer
identical to the original. To compensate for this change and
achieve the desired duty cycle, the inverse function f � 1(D 0) is

Fig. 2. Proposed multicarrier modulation for TPC.

Fig. 3. Waveforms of the proposed pulse width modulator when f 1 = 10 Hz ,
f 2 = 14 Hz and D = 0 :25.

applied. To derive this function, the Boolean operation is first
decomposed into algebraic expressions. The logical OR and
AND operations are first examined using their respective truth
tables, as shown in Table I, to establish algebraic equivalences
that facilitate further analysis. Thus, the output signal y(t) can
be expressed as:

y(t) = x1(t) _ x2(t) = x1(t) + x2(t) � x1(t)x2(t) (1)

Through further analysis, the relationship between the orig-
inal duty cycle D and the modified duty cycle D 0 can be
determined. Subsequently, the inverse function f � 1(D 0) is
solved to compensate for the nonlinearity introduced by the
OR operation, ensuring accurate signal reconstruction and
improved modulation performance.

TABLE I
TRUTH TABLES OF THE ’AND’ AND ’OR’ GATE

x1 x2 x1 ^ x2
0 0 0
1 0 0
0 1 0
1 1 1

x1 x2 x1 _ x2
0 0 0
1 0 1
0 1 1
1 1 1


