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Sideband Harmonic-Based Talkative
Power Conversion

Zewen Wang
Zewei Shen

Abstract—Talkative power conversion (TPC) is a promising so-
lution to modern power system communication due to its advanced
features of reduced communication infrastructure and low volume.
However, the majority of TPC in three-phase inverters is realized by
superimposing the frequency-hopping sinusoidal reference signals,
which adversely affects the power quality and stability from the per-
spective of the power system. In view of this, this article proposed
a sideband harmonic-based TPC scheme for three-phase inverters
without extra harmonics injection. In the proposed scheme, the
signal is modulated into the carrier-based pulsewidth modulation
by binary phase-shift keying modulation and is transmitted over
power lines via sideband harmonics. Sideband harmonics with
different carrier phases are analyzed by double Fourier series
(DFS) and modeled under dg frame for efficient demodulation.
The proposed strategy takes advantage of the existing sideband
harmonics to achieve TPC in three-phase inverters, which avoids
introducing extra harmonics and has less impact on the power
quality. As a result, the given solution not only reduces system
costs and volume but also realizes a power quality-friendly signal
transmission. Finally, the feasibility of the proposed TPC method
is verified by the experimental platform.

Index Terms—AC power systems, carrier-based pulsewidth
modulation (CBPWM), sideband harmonics, talkative power
conversion (TPC), three-phase inverters.
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I. INTRODUCTION

UE to the rising global energy expenditure costs and
huge electricity demand, a growing number of distributed
energy resources (DERs) have been connected to modern power
systems, such as wind turbines [1], photovoltaic plants [2], and
energy storage systems [3]. However, the increasing presence
of DERs could generate some critical situations, such as grid
instability and unwanted equipment failure, which pose brand-
new challenges to the stable operation of the power system [4].
The rapid growth of DERs has prompted increasing interest
in the monitoring and control of DERs through smart grid
communications [5]. Information and communication technol-
ogy is recognized as a promising solution for the efficient and
intelligent performance of power systems [6]. Hence, it is be-
coming necessary to enhance communication and information
transmission technology for ever-increasing DERs to achieve
better device monitoring and real-time control.
Communication in power systems is mainly realized by
wireless communication, wired communication, and power line
communication (PLC). Wireless communication has good char-
acteristics of adaptability and rapidity, but its transmission dis-
tance is limited due to signal attenuation. Moreover, it is also
threatened by noises and cyber-attacks [7]. Unlike wireless com-
munication, wired communication has the advantages of strong
anti-interference and low attenuation. However, using additional
communication lines would bring high costs of installation and
maintenance [8]. By utilizing the existing power system as a
medium for signal transmission, PLC avoids the use of stand-
alone communication systems and has good communication
stability. Nevertheless, conventional PLC requires additional cir-
cuits for injecting and amplifying sinusoidal signals at a specific
frequency, which increases the grid system cost and reduces
the efficiency of the system’s energy transmission [9], [10].
Therefore, areliable and economical communication technology
is urgently needed for modern power system signal transmission.
In recent years, the study of power electronics technol-
ogy elucidates that power electronic converters are capable of
transmitting information and can avoid the abovementioned
disadvantages in conventional PLC [11], providing a novel
communication method for modern power systems. Fig. 1 shows
the application of the converter in the power system. As an
interface device, power electronic converters are widely used
to connect DERs to the power grid. In the process of electric
power conversion, power electronic converters act as active
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Fig. 1. Power converters used for energy conversion and communication in
power system.

devices that can encode as well as signalize, bringing additional
degrees of freedom for communication in the power system.
The approach of using power electronic converters for signal
transmission is called talkative power conversion (TPC) and has
been investigated these years [12]. TPC takes advantage of the
direct connection and encoding ability of the power converters,
which avoids additional coupling circuits and enables efficient
information transfer.

As an innovative communication technology, TPC is favored
by many experts and scholars. The literature [13] and [14]
utilize the Buck converter with a multipath load structure to
realize the signal transmission function while converting power.
Signals are embedded into the switching frequency with the
pulsewidth modulation (PWM) technique, and the switching
ripple generated from the converters can carry information.
The literature [12] studies the essential nature of converters
and characterizes the similarity of operation principle to that
of communication systems, in which TPC is first proposed from
the view of power conversion and communication. Up to now,
TPC has been researched and applied to battery management
systems [15], switching reluctance generators [6], [16], [17],
wireless charging for electric vehicles [18], and visible light
communication [11], [19]. Compared with the conventional PLC
methods, TPC realizes efficient information transmission and
contributes to reduced system complexity, cost, and volume [20].
However, these methods fit exclusively for particular de—dc
converter configurations and little work related to TPC in dc—ac
inverters has been conducted due to the complexity of harmonic
components and disturbance in the ac grid.

As one of the most employed power converters for energy
transformation, three-phase inverters with TPC have great re-
search value and wide application prospects. The literature [21]
uses the primary control loop and the modulation of the power
converter for sending and receiving data. The proposed method
injects the information-carried fractional harmonicas as current
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references to the current loops, where the primary control loop
and the modulation of the inverters are used for sending and
receiving data. In [22], the small-signal model of the three-phase
voltage source inverter is discussed to analyze the stability after
injecting the signal and verify the feasibility of the inverter-based
TPC system. However, it should be noted that stability problems
may be caused at higher frequencies due to voltage or current
superposition. Another TPC method by changing the parameters
of the PWM carrier signal is given in [23]. By using frequency-
shift keying (FSK) modulation, the signal can be embedded in
the PWM carrier and then injected into the output voltage ripples.
However, it is noticeable that the switching frequency variation
will cause data-dependent ripple fluctuations in converters [24].
From a power system point of view, TPC-FSK would result in
power quality issues [25]. Accordingly, TPC methods mentioned
above in ac power systems do not take power quality and system
stability into account, which is an urgent issue to be addressed.

In view of this, a novel TPC method for three-phase inverters
is proposed in this article. The main contributions of this article
are listed as follows.

1) A sideband harmonic-based TPC method for three-phase
inverters is first proposed in this article. The information is
modulated into the voltage sideband harmonics by chang-
ing the phase of the PWM carrier and transmitted on the
power line without extra coupling devices.

2) By analyzing the mathematical model of carrier-based
PWM (CBPWM) harmonics in the dg-axis, the abc-dq
coordinate transformation is chosen to suppress carrier
harmonics and increase the signal demodulation rate.

3) The proposed sideband harmonic-based TPC strategy
does notrequire additional harmonic injection, which has a
low impact on power quality with total harmonic distortion
(THD) fluctuations below 0.1%.

4) In response to the frequency domain characteristics of
sideband harmonics, this article designs a two-step coher-
ent demodulation to quickly and accurately demodulate
the signal-carried harmonics.

The rest of this article is organized as follows. In Section II,
the basic concepts of TPC are given and the three-phase inverter
harmonic spectrum is analyzed by Fourier transform. In Section
II1, the implementation of TPC in three-phase inverters is shown,
including signal modulation, signal transmission medium se-
lection, and signal demodulation. The experimental results and
TPC implementation process are provided in Section IV. Finally,
Section V concludes this article.

II. BASIC CONCEPT OF TPC AND HARMONIC ANALYSIS

In this section, the basic concepts of TPC are introduced. TPC
is defined as the combination of power electronic technology
and communication technology for modern power system signal
transmission. Due to the characteristics of TPC, the analysis
of harmonic components in the output voltage is delicately
given. The harmonic spectrum in the output voltage is delicately
analyzed by double Fourier transform. After mathematically
manipulating the formulation and comparison, the amplitude,
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frequency, and phase are the appropriate medium for signal
modulation in the TPC.

A. Implementation of TPC in Inverter and AC Power System

Power electronic technology performs a controlled transfor-
mation of electrical energy, before and after which the electrical
energy is in analog form. However, due to the switching mode of
operation, there is a discrete intermediate process in the power
conversion process, which is qualitatively different from the
traditional power processing method. In the process of power
conversion and control, the power converter first converts the
analog input power into discrete power pulses, then passes
through a filter to obtain the analog output power. During the
power discretization, the discrete power pulse sequence has
the ability to be encoded and loaded with digital information,
thus, has the potential for information transmission. TPC takes
advantage of the codable property of power converters to couple
the signal to the power line in the form of voltage ripples, which
enables the simultaneous transmission of power and signal.

As one of the most used power converters in ac power sys-
tems, inverters connect multiple DERs to power distribution
systems effectively [26]. The schematic of the inverter-based
power system is illustrated in Fig. 2, where renewable energy
sources and ESSs are connected to ac bus by inverters. In the
process of electrical energy conversion, inverters act as active
devices and can be coded in the process of electrical energy
conversion, which provides additional degrees of freedom for
communication in the power grid. The role as the interface
between different electrical domains and the capability of active
coding make inverters an ideal and potential channel for TPC in
ac power systems.
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Fig. 3.  CBPWM in inverters. (a) Triangular wave modulation of CBPWM.
(b) CBPWM output driving signals.

B. Analysis of Harmonic Generated by CBPWM in
Three-Phase Inverters

During the process of power conversion, the inverter trans-
forms the amplitude, polarity, and impedance of the electrical
energy, and the most common power control method is using
CBPWM. Compared with the harmonic spectrum generated
from dc—dc converters, the harmonic spectrum of CBPWM is
more complicated in three-phase inverters. Moreover, when the
digital control is employed, the sampling and hold procedure
also introduces sideband components [27]. As the principle of
TPC is to use the output voltage harmonics for signal transmis-
sion, understanding the relevant characteristics of the harmonics
is better for designing filters and demodulation. Therefore, the
employed harmonics would be first analyzed and discussed
mathematically.

Fig. 3 shows the principle of natural sampling bipolar
CBPWM. In the figure, M (¢) is the sinusoidal reference signal
and T,.(t) is the triangular carrier signal. The expression for the
sinusoidal reference signal M (¢) in Fig. 3(a) is as follows:

M(t) = Qgmcos(wot + Gxm),

M,
%,MC <1 (1)

QK m =
where Qrm, wo, Orm and M, are the amplitude, angular
frequency, initial phase angle, and modulation index of the
sinusoidal reference signal M (¢). When the sinusoidal reference
signal is larger than the triangular carrier signal, the output
signal F'(t) is at a high level; otherwise, F'(t) is at a low
level. Fig. 3(b) shows the CBPWM output waveform, whose
maximum magnitude is F.

Double Fourier series (DFS) expansion is a well-established
approach commonly used for the frequency-domain represen-
tation of the CBPWM waveform with a single-frequency si-
nusoidal modulation signal, and has been extensively applied
in inverters for analyzing the complex harmonics [28]. DFS
treats the CBPWM waveform as a stationary signal in two
dimensions, which correspond to the carrier frequency and the
frequency of the modulating wave, respectively [29]. With DFS
expansion, the components of each harmonic can be calculated
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accordingly [30]. The DFS expression can be written as follows:

0 = 4243 L cosmy + Bsinr)
+ Z {A0 cosmax + By sinma}
m=1
g cos(maz + ny)
T (n0)
1 s s .
Cmn = Amn + ijn ) / / f(mv y)e]("m+ny)dxdy
3)

where m is the carrier index variable, n is the baseband index
variable, z(t) = wet + d¢, Y(t) = wol + Grm, we and ¢, are
the carrier angular frequency and carrier phase, respectively.
|Cmn| can be seen as the amplitude of each harmonic.
Through the DFS expansion of the CBPWM signal, the
amplitude, frequency, and phase of each harmonic can be ob-
tained [31]. The mathematical model of output phase voltage u,
in terms of DFS is written as follows:
2QK mE
0

Uy = cos (wot + Pxrm)

! mzw:l (:i) Jo (mQcm) sin (%) cos [m (wet + ¢0)]

5 () (7550
4)

(Wct + ¢C) +n (Wot + ¢Km)]
where Jj is the 0-order Bessel function and .J,, is the n-order
Bessel function. The characteristic of the Bessel Function is also
given

00
>
m=1

- cos [m

s (_1)7’” T\ 2m+n
e =3 e (3) ®
Jon(@) = (—1)" o (2). ©)

In the three-phase inverter system, there exists a 120° phase
difference between adjacent voltages. Therefore, if the initial
phase angle in phase A is ¢ i, , then the angles of phases B and
C will be (¢rcrm—27/3) and (¢ g +27/3), respectively.

Fig. 4(a) shows the harmonic spectrum in the inverter
CBPWM output phase voltage. The phase voltage can be di-
vided into three parts according to (4): fundamental component,
carrier harmonics, and sideband harmonics. It is obvious that
the parameters (frequency, phase, amplitude) in the reference
voltage signal are mapped to the baseband signal and sideband
harmonics, while the carrier signal parameters are loaded into
the carrier harmonics and sideband harmonics. By changing the
parameters of the CBPWM signals, the voltage harmonics in
the output voltage are indirectly affected, and these harmonics
convey the changes as they are transmitted over the power line,
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which not only avoids additional coupling devices and com-
munication lines but also achieves effective signal synchronous
transmission on the power line.

III. SIDEBAND HARMONICS-BASED TPC SCHEME

In this section, the principle of signal modulation and demod-
ulation is introduced to realize TPC. The diagram of TPC is
shown in Fig. 5. In Fig. 5, the sideband harmonic-based TPC
scheme can be divided into the following three parts: signal
modulation, sideband harmonic transmission, and information-
carried sideband harmonic demodulation. The signal injection
is an important part of the proposal. From the view of the
power system, the TPC strategy is supposed to be friendly to
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the power quality. Given this, the method of modulation and
carrier for signal are highlighted in this section. According to the
modulation method and characteristics of sideband harmonics,
the signal transmission and demodulation can also be solved.

A. Principle of CBPWM Signal Modulation

As noted earlier, harmonics generated from CBPWM are
affected by the CBPWM reference signals and carrier signals. By
changing one or several freedom degrees (amplitude, frequency,
phase) of the CBPWM signals (reference or carrier signals),
the information can be loaded to the inverter output harmon-
ics for transmission without coupler hardware. The process of
freedom degree variation is called CBPWM signal modulation.
Depending on the medium in which the signal is modulated, it
can be categorized into reference-signal-based (RS) modulation
and carrier-signal-based (CS) modulation [24]. RS modulation
superimposes the information on the reference voltage, whereas
CS modulation changes the carrier in the modulation process.
In contrast to RS modulation, CS modulation does not require
additional reference voltage or current injections, which is more
reliable and power quality-friendly. The result of CS modulation
will be reflected in the inverter output harmonics shown in (4).
In view of this, CS modulation is adopted to achieve TPC in this
article.

Fig. 6 shows how the signals are embedded into the CBPWM
triangular carrier in the three-phase inverter. The CS modulation
technique here focuses on the switching mode of operation of
the inverter, utilizing discrete transition states during the power
conversion process to load signals onto discrete power pulses,
which in turn are reflected in the switching ripples of the power
outputs. As a result, the sent signals achieve the conversion from
digital baseband signals to digital bandpass signals.

B. Digital Signal Modulation

Digital signal modulation implements the conversion of dig-
ital baseband signals to digital bandpass signals, which is used
to modulate the digital signal onto the CBPWM carrier signal in
CS modulation. Common digital signal modulation techniques
are shown in Fig. 7, which include amplitude-shift keying (ASK)
modulation, FSK modulation, and phase-shift keying (PSK)
modulation. These modulation methods correspond to the three
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variable degrees of freedom in output harmonics, thus all of them
can be used in TPC.

According to (4), using ASK in the CBPWM carrier would
change the amplitude of the carrier harmonics and the sideband
harmonics, which may affect the output voltage power quality.
Similarly, frequent changes in CBPWM carrier will lead to
signal-related ripple reflections in the power converter, also
resulting in power quality problems from the point of view of the
power system [24]. PSK in CS modulation is based on varying
the CBPWM carrier phase angle, given a fixed carrier ampli-
tude and a fixed carrier frequency. Compared with ASK and
FSK, taking PSK modulation can avoid power quality problems
caused by changes in output harmonics and is effective in saving
bandwidth. In view of this, PSK is chosen as the modulation
method for TPC in this article.

For any signal f(z) with period 7' and angular frequency
w = 27 /T, its Fourier series expansion can be expressed as

F(z) = %ao + Z (ay cos nwzx + by, sin nwx) (7

n=1

where the coefficients ag, a,,, and b,, in this series are defined
by

T/2
o = T 2 ot
T f T/2 f
T/2
=T - T/2
In PSK, M signal waveforms can be derived as follows:

Sm(t) = Re [g(t)eﬂ”k/Meﬂ”fct}

) cos nwzdr ®)

) sin nwzdz.

mk
= 2w f.t
g()cos(wf +M>
k=01, M—1,0<t<T ©)

where ¢(t) is the signal pulse function, f. = w./27 is the
frequency of the carrier and 0 = 27wk/M is the M kinds of
possible phases of the carrier. In binary PSK (BPSK), M =2
and the initial phase of 0° and 180° are used to represent bit “0”
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and bit “1,” respectively. These signal waveforms have equal
energy and can be represented as

T 17 1
&:/‘%ma:f/ifm&:f@. (10)
0 2 0 2

When g(t) is a square wave, it can be expressed as

Sm(t) = \/zcos (27rfct + 2]\7;[k> .

At this point, the transmitted signal has an invariant envelope,
while the carrier phase begins to change at each symbol interval

Sm (t) = 87n1¢1 (t) + Sma2 (t)¢2 (t)

41(t) = \/ETgu) cos (2n e
2 .
¢a(t) = \/;g(t) sin (27 fet) .

The two-dimensional vector $,;, = [S;,1, Sm2] can be written

as
[E, oxk [E, . 2rk
— COS ——— ——Ssm——1.
2 M N 2T M

Thus, the phase-modulated signal can be viewed as two or-
thogonal carriers whose amplitude depends on the phase trans-
mitted within each signal interval, which can provide higher
spectral efficiency and anti-interference ability for TPC in in-
verters.

(an

(12)

(13)

Sm =

C. Sideband Harmonics-Based TPC

As mentioned in (4), the carrier harmonics and the sideband
harmonics all carry the frequency and initial phase information
from the CBPWM carrier, which can be the information medium
for power/signal carrier modulation. Using carrier harmonics as
the medium for communication is a good idea, but the influence
of sideband harmonics cannot be negligible. Compared to carrier
harmonics, carrier harmonics are less prevalent in the ac grid and
potential carrier harmonic cancellation may occur between the
phase legs [31]. In addition, notice that the carrier harmonics
are the same in each phase leg, but the sideband harmonics have
a 120° phase difference between adjacent phase legs. Thus, the
carrier harmonics can be eliminated in the line-to-line voltage
or by coordinate transformation, while sideband harmonics can
still be retained. In this case, using sideband harmonics as the
medium can avoid the influences of carrier harmonics, thus
decreasing the computational complexity of demodulation.

According to (4), the amplitude of the harmonics would de-
crease with the order m increasing. The resultant main sideband
harmonic components’ frequencies are located near the first-
order (m = 1) and second-order (m = 2) carrier frequencies [32].
Harmonic components with larger amplitude carry more energy
and could be easier to access. Given this, using first-order
sideband harmonics for signal demodulation is a better choice.
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Sideband harmonics with even combinations of m + n are
eliminated within each phase leg by the sin([m + n|n/2) ac-
cording to (4). Consequently, all odd sideband harmonics are
eliminated in the first-order sideband harmonic group, which
means the significant sideband harmonics in this carrier group
will occur at frequencies of w.t & 2wyt and w.t & 4wyt. More-
over, it is noticeable that sin[(m + n)7/2] always equals to
sin[(m — n)7 /2] in first-order sideband harmonic group, so this
set of sideband harmonics H,,—1 can be written as the product
of two cos functions

+oo
Hm:1 = Z (47TE‘> Jn (QKm) sin <1§nﬂ'>

n=1

- cos|wet + ¢ £ n(wot + Prem)]

+o0
= nz::l <85) Jn (Qrm) sin <1 _|2_ nﬂ')

- cos(wet + @) cos(nwot + ndrm )

(14)

Note that the sideband harmonics obtained from the filter are
gathered in groups, which would affect the demodulation results
and increase the bit error rate. In view of this, it is necessary
to determine a separate group of sideband harmonics used for
demodulation. Due to the characteristic of the Bessel function
Jn(Qxm), sideband harmonics with smaller |n| have larger
amplitude [31]. By adjusting the value of @ x,, and using abc-dg
transformation, the first-order sideband harmonics with |n| > 2
can be suppressed. Therefore, the BPF output waveform can
be approximated as the first-order sideband harmonics with
|n| = 2, which are selected as the signal transmission carrier
and demodulation target in this paper.

It is worth noting that the coordinate transformation is a
common means when analyzing the sideband harmonics in
three-phase inverters [33]. The output harmonics of each phase
can be converted to the dg frame by abc-dg transformation.
The first-order sideband harmonic components with |n| = 2
after abc-dq transformation can be written as (15), shown at
the bottom of the next page.As illustrated in Fig. 4(c), it is
obvious that not only the carrier harmonics are eliminated with
the coordinate transformation, but also the bandwidth of the
target sideband harmonics in d-axis voltage is widened, which
facilitates higher signal transmission and demodulation rate.

D. Signal Demodulation From Sideband Harmonics

According to (14) and (15), the structure of the information-
carried sideband harmonics is analogous to the double-sideband
suppressed carrier (DSB-SC) modulation. Double-sideband
(DSB) modulation is a commonly used modulation method for
communication, and DSB-SC concentrates all the information
in the DSB signal by suppressing the carrier. The process of DSB
modulation is shown in Fig. 8. The CBPWM modulation gener-
ates sideband harmonics and indirectly realizes DSB modulation
during the sampling process. After suppressing the carrier har-
monics, the sideband harmonics carry all the information in the
reference and CBPWM carrier signal, which are natural signal
transmission mediums for TPC in the ac power system. In view
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of this, the demodulation of the DSB harmonics can refer to the
demodulation of DSB-SC.

Coherent demodulation is a classic method for BPSK and
DSB demodulation. The steps and details of coherent demod-
ulation are shown in Fig. 9. By providing a reference demod-
ulation signal with the same frequency and phase as the sent
signal, coherent demodulation enables fast and accurate signal
demodulation for communication [34]. The key task is to real-
ize phase and frequency synchronization for the demodulation
signal. Common-used carrier synchronization methods include
the phase-locked loop (PLL) and Costas loop [35]. The PLL
technique is one of the most popular strategies for achieving
frequency locking and is easy to implement. Thus PLL is used for
synchronous demodulation signal generation in this article [36].
When there is no sent signal in the power line (sending bit “0”),
PLL uses the output sideband harmonics of the BPF to control
the frequency and phase of the oscillating signal inside the loop.
The frequency and phase information of the oscillating signal in
the ring is utilized to generate a fixed synchronous demodulated
signal for subsequent demodulation.
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T

f

Fig. 10.  Experimental test platform.

TABLE I
PARAMETERS OF THE PROTOTYPE SYSTEM

Parameter Value
Rated dc voltage 270 V
Peak value of phase voltage 110 V
Switching frequency 10 kHz
Rated LC filter capacitor 3.5 uF
Rated LC filter inductance 2 mH
Output ac voltage frequency 50 Hz
Rated load resistance 44 Q
Signal carrier amplitude 1V
PLECS RT BOX 1/2 discrete sampling frequency 20 kHz

IV. EXPERIMENTAL EVALUATION AND DISCUSSION

In this section, the test bench for experimental evaluation,
the relevant data, and their analysis are provided. In order to
demonstrate the feasibility of the proposed method, the process
of signal modulation and demodulation is given thoroughly in
this section.

A. Experimental Test Platform

In order to verify the effectiveness of the theoretical analysis, a
three-phase inverter-based TPC system is established, as shown
in Fig. 10. PLECS software was used to create the codes for
RT BOX 1 and RT BOX 2 to control VLT three-phase two-
level inverter modules. Measured currents and voltage from the
voltmeter and ammeter were used for observation, control, and
signal demodulation. The main experimental parameters used in
this work are listed in Table I. Moreover, the process and results
of demodulation are also shown in this section.

2 2 cos (wet + @) cos(2wot + 20 k)
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Fig. 11.  Control diagram of the three-phase inverter and TPC implementation.

Although communication is the key task of this study, inverter
design always plays a crucial role in power conversion, fre-
quency synchronization, and stable power control. The scheme
of the TPC three-phase inverter is shown in Fig. 11. In order to
verify the generality of the method proposed in this article, the
most commonly used PI control three-phase two-level inverter
is selected for TPC in this work. Through appropriate parameter
adjustment, stable control of the inverter output voltage and
current can be realized. Meanwhile, fluctuations and oscillations
can be reduced.

According to Fig. 11, there should be a controller set at the
inverter side for signal modulation and a controller working at
the load side for sampling and demodulation. In view of this, the
RT-BOX 2 and control desk 1 worked as the inverter controller
and signal modulator for TPC, while the RT-BOX 1 and control
desk 2 were used for signal collection and demodulation at the
load side.

B. TPC Verification

In the proposed scheme, CS modulation is used for signal
modulation, and the sent digital signal is embedded into the
CBPWM carrier signal by BPSK. Thus, the CBPWM process
of the inverter needs to be controlled and changed in real time.
Fortunately, it is practical to realize fast and real-time phase
variation of the CBPWM carrier signal in PLECS software and
RT BOX. The phase of the CBPWM carrier signal can vary with
the transmitted signal changing. Therefore, the binary signal can
be quickly embedded into the CBPWM carrier phase by BPSK
modulation to achieve TPC. What is more, 0° corresponds to bit
“0,” and 180° corresponds to bit “1” in this article. As mentioned
above, the first-order sideband harmonics with |n| = 2 are
selected as the information medium for TPC. The modulation
index M, in the experiment is 0.85, thus J2(Q k) is equal to
0.19. To extract the target sideband harmonics from the output
voltage, an eighth-order bandpass filter (BPF) is designed on
the receiving side. According to (4), the sideband harmonics
are distributed closely and orderly around the center frequency.
Thus, the center frequency of the BPF should be equal to the
switching frequency (10 kHz) to extract the target sideband
harmonics. For better preserving the sideband harmonics and
removing the effects of other harmonics, the main parameters
of the BPF are as follows: the center frequency is 10 kHz, the
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(b) Comparison of sideband harmonics with and without signal transmission.
(c) Sideband harmonics details and coherent demodulation sinusoidal signal.

passband frequency range is between 8 and 12 kHz, the gain is
1 V/V (0 dB) and corner frequency attenuation is —3 dB.

Load side three-phase voltages were sampled by the RT Box1
every 5 us, and an abc-dq transformation of three-phase voltages
is carried out to get the target sideband harmonics under dg-axis.
The extracted sideband harmonic from d-axis voltage is shown
in Fig. 12, and details of the output harmonics with phase
changes are shown in Fig. 12(a). It should be noted that the
period of the envelope of output sideband harmonics is about
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6.7 ms, and the frequency of the carrier signal is 10 kHz, which
not only shows that the harmonics obtained by the BPF are
mainly first-order sideband harmonics with |n| = 2, but also
verifies the correctness of the formulas in (15). The waveforms
of carrier DSB harmonics with and without signal transmission
are presented in Fig. 12(b). Compared to the circumstances with
no sent signal, little voltage disturbance would appear in the
sideband harmonics when the CBPWM carrier phase changed.
The value of these voltage disturbances is less than 0.5 V and
can be ignored in the power system.

The first coherent demodulation results for sideband harmon-
ics are shown in Fig. 13. In Fig. 13(a), phase changes of the
demodulation signal are obvious when the transmitted signal
varies. After filtering out the high-frequency components by a
second-order low-pass filter (LPF), a 150 Hz sinusoidal signal is
obtained, which coincides with the frequency of the second cos
function in H, in (15) (Jn| = 2). Situations with and without
signal transmission are presented clearly in Fig. 13(b). The
transmitted signal is embedded into the phase changes of the LPF
output demodulated signal by the first coherent demodulation.
Thus, a second step of coherent demodulation is required. Here,
PLL is also used to generate the sinusoidal synchronous demod-
ulation signal (150 Hz) when the three-phase inverter works with
no signal (sending bit “0”).

Fig. 14 shows the details of the second coherent demodulation.
It can be seen that the positivity and negativity of the second
demodulated output waveform correspond to different signals.
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Fig. 15. Application example. (a) Transmitting binary signal “0101,” trans-
mission rate =200 bps. (b) Transmitting binary signal “1011 0100,” transmission
rate = 400 bps.

Hence, the transmitted signal can be judged by comparing the
positivity and negativity of the demodulated output simply.
Two different application examples of the sent signal and the
demodulated signal are used to prove the effectiveness of the
proposed method in Fig. 15. Due to the effect of the LPF, a time
delay would appear between the sent and received signal and is
less than 2.5 ms, which is acceptable.
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TABLE II

COMPARISON WITH THE EXISTING TPC SCHEMES IN AC POWER SYSTEMS
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Reference Application scenario CBPWM signal modulation | Digital signal modulation | ATHD Rate range
[37] Single-phase inverters RS modulation DPSK High 0—1000 bps
[23] Cascaded multilevel inverters CS modulation FSK Medium | 0-600 bps
[21] Three-phase inverters RS modulation / High 0—1000 bps
[22] Three-phase inverters RS modulation FSK High 0—100 bps
[25] Three-phase inverters CS modulation / Low 0—100 bps
Proposed scheme Three-phase inverters CS modulation BPSK Low 0—400 bps
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Fig. 16.
rate = 400 bps.

C. Analysis of Current THD

Power quality represents the quantities of voltage, current,
frequency, and waveform quality, which is a crucial indicator for
evaluating modern power systems’ stable operation and efficient
performance [38]. However, due to the addition of signals, power
quality would be affected inevitably. It is worth noting that the
phase-changing rate of the CBPWM carrier should be less than
one-tenth of the switching frequency, otherwise it will affect
the CBPWM output driving signals. The recommended signal-
ing frequency should be less than one-tenth of the switching
frequency.

THD stands for the overall distortion caused by harmonics to
the fundamental waveform and is an indicator used to measure
the impact of all harmonics [39]. To prove the abovemen-
tioned point, Fig. 16 shows output three-phase currents and FFT
analysis results under different signal transmission rates. It is
noticeable that there are no carrier harmonics in the three-phase
currents in this scenario, which means the sideband harmonics
are more accessible information carriers for signal transmission.
As for TPC, ATHD can be used to show the percentage change
in THD caused by signal addition. Compared to the case with
no signal, ATHD is equal to 0.02% with a 40 bps transmitted
signal, and it changes into 0.08% when the rate increases to

Three-phase currents and FFT analysis under different Transmission rates. (a) Transmission rate = 0 bps. (b) Transmission rate = 40 bps. (c¢) Transmission

400 bps. In other words, ATHD caused by CS modulation and
BPSK modulation is less than 0.1%, and average THD is less
than 2.5%, which indicates that the proposed TPC scheme has
little impact on the output current and meets the ac grid’s power
quality requirements. Besides, the current disturbance caused by
phase variation in Fig. 16 is about 95 mA, which has a negligible
impact on power quality. The abovementioned results indicate
that the proposed TPC method has good output performance of
power quality-friendly characteristics.

D. Comparison With the Existing TPC Schemes in AC Power
Systems

Asnoted above, modulation by changing the carrier frequency
or superimposing the digital signal on the reference could
threaten the power quality and stability from the perspective
of the power system. A comparison between this method and
existing TPC schemes in ac power systems is presented in
Table II. According to Table II, the comparison reveals that
CS modulation has less impact on ATHD than RS modulation,
and PSK modulation is better than FSK from the power quality
viewpoint. Furthermore, the proposed demodulation by abc-dg
transformation and double coherent demodulation achieves a
decent transmission rate in three-phase inverter applications.
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V. CONCLUSION

In this article, a novel TPC approach for three-phase inverter-
based ac power systems was presented. In the proposed method,
the sideband harmonics were selected to be the signal trans-
mission carrier for TPC in ac grid for the first time. The signal
was embedded into the CBPWM carrier signal and transmitted
on the power line via sideband harmonics. Compared to TPC
with reference superposition and carrier frequency variation, the
proposed strategy has less impact on power quality, which can
be said as a power quality-friendly communication method. By
double Fourier transform, harmonics with the transmitted signal
can be calculated precisely. Besides, an abc-dg transformation
for sideband harmonics is carried out to reduce the effect of car-
rier harmonics and increase the speed of demodulation. Finally,
the feasibility of the abovementioned theory was demonstrated
by the experimental platform established.

The method proposed in this article is an attempt to apply TPC
in ac power systems and aims to provide a signaling strategy with
less influence on power quality. In the future, this TPC method
can be combined with fault diagnosis to deliver the operation
of DERs to the load side or control center, contributing to the
stable operation of microgrids or hybrid grids. However, there
are still some issues that could be improved for inverter-based
TPC systems in future work, such as the signal transmission
rate improvement, long-distant TPC with low attention, anti-
interference issues, and coordinated TPC between multiple in-
verters.
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