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Integrating Dual-Channel Data Into the d-g Frame for
Talkative Power Converters in Three-Phase
AC Systems

Keming Liu
Jiande Wu

Abstract—Talkative power converters (TPCs), capable of simul-
taneous power conversion and data modulation, have emerged as a
hardware-minimized communication solution for power electronic
systems. Although TPCs have been extensively studied in dc sys-
tems, their implementation in three-phase ac systems remains un-
derexplored. This article proposes a novel dual-channel decoupled
data modulation, which enables three-phase dc/ac TPCs to realize
data interaction using two independent communication channels
through power cables. The cross-axis coupling issue between the
data transmitter and receiver is analyzed using a TPC communica-
tion model. To solve the problem, an adaptive estimation strategy
is proposed to estimate and eliminate the coupling for each data
frame. The proposed solution can be seamlessly deployed as a
software upgrade compatible with existing three-phase inverters.
Finally, experimental validation is conducted on a 3.3 kW ac micro-
grid comprising three grid-forming inverters, demonstrating the
effectiveness and practical feasibility of the proposed approach.

Index Terms—Cross-axis coupling interference, dual-channel
data modulation, talkative power conversion, three-phase ac
system.

1. INTRODUCTION

HE increasing penetration of inverter-based resources
(IBRs) in power systems poses significant challenges to
system condition monitoring, IBR cooperative control, and
real-time stability assessment [1], [2], [3], [4]. The solution to
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these challenges relies on reliable communication links among
different IBRs and between IBRs and the substations.

Different communication technologies, including wired,
wireless, and power line communication (PLC), have been ap-
plied to establish the communication link. However, both wired
and wireless communication technologies have certain defects
and would require additional installation and maintenance costs.
Although PLC offers a cost-effective alternative by utilizing
existing power lines for data transmission, its need for addi-
tional coupling circuits and signal processing hardware presents
challenges in implementation and installation [5].

In recent years, an emerging technology known as power and
signal dual modulation has gained increasing attention for its ca-
pacity to convert power and modulate signals simultaneously [6],
[71, [8]. The converter that performs this dual function is termed
a talkative power converter (TPC). By modulating the driving
signal of the converter, data can be embedded into the ripples
of output voltage (optionally also the input voltage) and trans-
mitted along the power line. TPC utilizes the existing converter
for data modulation, which avoids the influence of dedicated
communication infrastructure faults and improves reliability. In
addition, it requires minimal additional hardware [9], reducing
the system’s cost and complexity. Furthermore, it can establish
communication links with simple software upgrades, improving
the system’s scalability. Therefore, TPC is a promising solution
for local data interaction in IBR-dominated power systems.

There are essentially two subcategories of TPC called TPC
with switching carrier (TPC-SC) and TPC with controlled ripple
(TPC-CR), depending on how the data is embedded, as shown
in Fig. 1. In TPC-SC, the PWM carrier is modulated and re-
shaped to carry data while the power reference manages only
power control. Using switching voltage/current ripples and their
sideband harmonics as data carriers facilitates a relatively high
communication rate. However, the signal strength is inherently
limited and lacks adjustability, thereby restricting its application
range. In TPC-CR, the modulated data carrier is superimposed
onto the power reference and subsequently compared to the
pulsewidth modulation (PWM) carrier, enabling flexible adjust-
ment of signal strength. The maximum data carrier frequency
must not exceed half of the switching frequency.

TPC has been extensively investigated in various sce-
narios such as photovoltaic systems [10], [11], battery
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Fig. 1. (a) PWM modulation diagram of TPC-SC. (b) PWM modulation
diagram of TPC-CR.

management systems [12], low-voltage power grids [13], and dc
microgrids [14]. Innovated modulation strategies, e.g., orthog-
onal frequency division multiplexing [15], [16], multidegree-
of-freedom modulation [17], [18], [19], and coded modulation
[20] are also extended to TPC to increase communication rate.
However, among these TPC applications, the emphasis is placed
on dc systems, and limited work has investigated TPC in ac
systems.

Given the advantages of TPC and the prevalence of three-
phase ac power systems, it is appealing to use three-phase TPC.
Recently, attempts have been made to implement TPC, including
TPC-SC [21], [22], [23] and TPC-CR [24], [25] in three-phase
ac systems. In [21], a variable zero-vector-width space vec-
tor PWM scheme is employed for data modulation, achieving
a communication rate of 50 bits per second (bps), which is
extremely low compared with TPC in dc systems. In [22], a
communication rate of 600 bps is realized between a three-phase
inverter and a motor. However, this method requires additional
switching devices for signal modulation and hence increases the
cost. In [23], a sideband harmonic-based TPC scheme is intro-
duced to facilitate power quality-friendly signal transmission.
For ac power systems where converters are far from each other
and the line impedance is high, the high-frequency switching
ripple from the converters can be significantly attenuated and
becomes challenging for others to identify; hence, TPC-SC is
inapplicable, and TPC-CR is preferred in such cases. In [24],
data modulation is achieved by injecting fractional harmonic
data carriers into the primary control loop using ON/OFF keying
(OOK). The experimentally verified communication rate is only
5 bps with a low switching frequency utilization. In [25], 2FSK
is employed to realize TPC, achieving a higher communication
rate of 100 bps.

Accordingly, the TPC-CR methods mentioned above have low
communication rate performances. In addition, the cross-axis
coupling interference is presented between d—q frames at the
data transmitter and receiver, which could result in TPC schemes
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Fig. 2. Structure of the simplified two-node TPC system.

failing and remaining unsolved. Furthermore, the multichannel
TPC has not been researched, as only one communication chan-
nel has been used. To overcome the issues and fully exploit the
potential of TPC in three-phase ac systems, a novel dual-channel
decoupled data modulation scheme is proposed in this article.
The main contributions of this article are as follows:

1) A dual-channel decoupled data modulation for TPC
in three-phase ac systems is proposed, achieving dual-
channel independent communication.

2) The TPC communication model is established, and an
adaptive estimation strategy is proposed to estimate and
eliminate the cross-axis coupling interference for each
data frame.

3) A three-node three-phase TPC system has been estab-
lished to validate the feasibility of the proposed scheme.

The rest of this article is organized as follows. Section II

elucidates the fundamental concept of the proposed scheme.
In Section III, the data transmission process and decoupling
strategies are provided in detail. Section IV presents three-node
experiments to validate both the theoretical framework and
the practical feasibility of the proposed TPC scheme. Finally,
Section V concludes this article.

II. Basic CONCEPT OF PROPOSED TPC SCHEME

For a three-phase ac system, the proposed TPC scheme can
help build the data link between any two inverters for status
monitoring or control without extra communication hardware.
Fig. 2 shows the simplified two-node TPC system structure,
where two inverters are connected to the same point of common
coupling. The inverters serve as the interface for both power and
data, facilitating the transmission of power flow and data flow
along the power line. The TPC controller of each inverter is
tasked with either power control for a grid-following inverter
or voltage control for a grid-forming inverter, together with
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the data exchange function. This article only discusses TPC
implementation in grid-forming inverters, which are widely used
for ac microgrids, while the same function can be easily extended
to grid-following inverters.

The proposed TPC controller equipped with frequency-droop
control is demonstrated in Fig. 3. It contains three modules: the
droop controller, the voltage controller and data transmitter, and
the data receiver. The droop controller module employs a power-
frequency droop configuration, which sets the grid frequency (50
Hz in this article) and, in the meantime, provides the rotating
angle 0 for d—q frame transformation.

In the voltage control and data-transmitter module, the in-
ductor current ¢4, and the capacitor voltage vq, are used for
primary voltage control. When the inverter is required to transmit
data, the data is first allocated to two independent data streams:
d-Datag and g-Datag, which are in quaternary format: 0, 1,
2, 3. Subsequently, these two data streams are modulated into
sinusoidal waveforms, known as carrier signals, with a frequency
of f. using quadrature phase shift keying (QPSK), as shown in
Fig. 4. When nonlinear loads or variable line impedances are
present, the carrier frequency can be selectively chosen to avoid
overlap with dominant harmonic components. The resulting
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carrier signals, denoted as v;,,q4 and v,,4, are superimposed onto
the d—g frame voltage references v;4 and v;, to realize data car-
rier injection. It should be noted that using the d—¢q frame for data
modulation can realize natural power balance by setting vg = 0
according to the dg-abc transformation. In addition, the power
modulation signals in the d—q axes typically consist only of direct
components, simplifying communication signal extraction and
filter design. Followed by the dg-abc transformation and PWM
modulation, the data can be integrated into the output voltage of
the inverter and thereby received by other inverters.

To avoid the influence of injected carrier signals on voltage
control, two principles must be followed. First, the ratio of the
amplitudes of v,,q and v;4, known as the modulation depth,
should be minimized to reduce interference with the primary
voltage control. Second, the data carrier frequency f. must be
chosen above the cut-off frequency of the control loop. From
the communication perspective, increasing the data carrier fre-
quency facilitates a higher communication rate. However, sev-
eral practical limitations, such as the Nyquist limit and switching
frequency constraints, the control resolution requirements, the
effect of output filter characteristics, and the sampling rate
of the receiver, must be carefully balanced when selecting an
appropriate value for data carrier frequency f..

The data-receiving module is tasked with the extraction and
restoration of data sent by other inverters. The module encom-
passes high-pass filtering (HPF), a specifically designed decou-
pling strategy that includes data demodulation, and the data
decision process that identifies the quaternary data. The received
signals are originally integrated into the capacitor voltage v gpc
and transferred to vg, via 0. However, 6 created by each inverter
is from its local reference frame and can be influenced by the
power flow as well as the design of the droop controller. As a
result, 6 from different inverters will be largely different. The
same situation also applies to grid-following inverters equipped
with a PLL.

The differences in the rotating angle and the unknown asym-
metric transmission impedance result in cross-axis coupling in-
terference during data demodulation. Specifically, signals modu-
lated on the d-axis at the transmitter are coupled to both the d and
q axes at the receiver, and the same occurs for g-axis data. The
major challenges involve handling strongly coupled cross-axis
interference, accurately extracting the coupling network param-
eters for decoupling, and achieving real-time decoupling that
adapts to varying system conditions. To overcome these chal-
lenges, this article proposes a decoupling strategy that employs
pilot carrier signals to establish a coupling matrix [ for each
communication round. By multiplying the demodulated signal
ng,with H~', the axis-coupling effect can be eliminated. Here,

ngl refers to the voltage phasor of the carrier signal in the d—¢
frame, i.e.,

Vid = Age?e, VT = A, eI (1)

where Ay and A, are the root-mean-square (RMS) amplitudes
of the received carrier signal, and ¢g and ¢, are their phases.
Through the proposed decoupling strategy, the original data
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added on the d and g axes can be accurately restored by identify-
ing the phase of Vsdq . The decoupling strategy will be introduced
in detail in Section III-B.

III. PRINCIPLE OF THE DECOUPLING STRATEGY

The communication model is analyzed in this section to
discuss the two main reasons for the cross-axis coupling in-
terference in detail. Furthermore, a dedicated decoupling and
demodulation strategy is introduced to estimate and eliminate
the cross-axis coupling issue.

A. Communication Model

For the sake of simplification, a communication model fea-
turing a two-node system is developed in Fig. 5 to analyze the
signal transmission process. The data transmitter is represented
as a voltage source ‘7qu in series with an internal impedance Z;
through a Thévenin equivalent. It is worth noting that the voltage
source refers to the signal generator rather than the actual high-
voltage ac generation. Here, IN/qu is the phasor representation of
the signal, i.e.,

~ Aejd)d]

rda _ [ ~ [V2Acos (wet + ba)
S T | Aei®a

T [ V2A cos (wet + ¢y)

where A is the RMS amplitude of the signal, ¢4 and ¢, are the
phases from QPSK, and w,. is the angular frequency of the carrier
signal. Z,; and Z ;5 denote the line impedances, Zj,,q represents
the power load, and Z, represents the impedance of the data-
receiving inverter. Two facts need to be noted: the transmission
model is established at the communication carrier frequency
we. As aresult, all impedance elements are numerical values at
s = jw. and the model is established in the d—q frame, i.e., all
impedance elements are 2 X 2 matrices in the d—g frame. For
example, for a line consisting of resistance R and inductance L,
its impedance Zjj,e is

and Vsdq (1) (2)

R+ jw.L
(.J()L

waL

Ziine = R+ jw.L

3)
where wy is the grid frequency.

In general, if the receiving inverter can correctly acquire
information of ¢4 and ¢,, the data can be restored. However,
two major obstacles limit accurate data reception. First, the
impedance of the data transmitting inverter, the data receiving
inverter, as well as the lines and loads, significantly affect
the signal at the receiving end. Through circuit analysis, it is
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straightforward to have the voltage on Z,.
Vil =T, -V )
where T is

— (Z92 + ZT) //Zload ) Zy
Zs + Zgl + (ZgQ + Z’r) //Zload Zgg + Z’r‘

and can be expressed as

1740 Tzq
T; = qa| . 6
? [Tzqd Tqu] ©

T, )

In practice, T’z is unknown. For the lines and loads, although
the information is possessed by the system operator, such infor-
mation is typically not shared with inverters. Furthermore, due
to the presence of the droop controller, or PLL controller for
the grid-following inverter, Z5 and Z, are typically asymmetric,
making 7'z an asymmetric matrix.

Second, ng is not the final result seen by the data receiver.
Each inverter transfers the terminal voltage from the abc frame to
the dqg frame from a rotating angle 6 generated by its own droop
or PLL controller, which uses the voltage measured locally.
Consequently, such a rotating reference frame is aligned to the
local voltage angle. At different locations of the system, the bus
voltage angle will be different, depending on the power flow
(generations, lines, loads, etc.). Hence, at the receiving end, the
local frame dq’ is expected to be aligned to a different angle,
leading to an angle difference 0 between dq’ and dq. With the
effect of , the actual signal seen by the data receiver is

Vi = 15 Vi )
where T3 is the rotating matrix expressed as
cosd  sind
T5 = {—siné cosd} ' ®)

Again, although known by the system operator, the informa-
tion of J is not necessarily to be shared with inverters.

Combining (4) and (7), the final signal received by the data
receiver is

Vi — 15T,V )

The term 77T will lead to the cross-axis coupling effect on
the received signal, and we define the coupling matrix as

Hgq qu}

10
qu qu (10)

H =T;Ty, = [
With H unknown, the data receiver is not able to acquire the
original information of ¢4 and ¢4 and hence cannot restore the
data. Moreover, H varies according to the change of system
operating point, making it even more complicated to establish
a reliable communication link. To address this challenge, a
decoupling strategy is proposed to estimate the coupling matrix
H and enable accurate data demodulation.

B. Decoupling and Demodulation Strategy

The frame protocol of the data transmitting signals in the
proposed decoupling strategy is described in Fig. 6, where
two sets of carrier waveforms with the phase of 0 are added
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respectively on the d-axis and g-axis before transmitting the
real data, namely the pilot carriers. For the period 77, the pilot
carrier is added on the d-axis while the g-axis remains silent,
while the same pilot carrier is added on the g-axis for the period

TQ, i.e.,
Aejo “rdq 0
where the subscript (1) and (2) refers to the signal in 7} and 75,

respectively. The signals received by the data receiver during the
two periods are

d
Vsy =

(1)

Vi Vo)
‘7 d ! 5 ~ d ! R
VR((]U g dq' VR((]2) = |~ dq' (12)
R,q(1) R,q(2)
Combining (9)~(12) yields
dq’ dq )
Vljl d(1) VIZ d(2) [Hdd qu} [AeJO 0‘0] 13
J
VR?q(l) VR,qq(z) Hga  Hgq 0 Ae
and
- dd iy
= 1 Vlzfld(l) V}Z?d(z) (14)
—dy S
4 VR,q(l) VR,q(z)

from which the coupling matrix H can be estimated before
receiving the real data. In such a way, the signal can be decoupled
via
VT = H VY (15)
and therefore, the data can be restored. Although the amplitude A
may be unknown to the datareceiver, it would not affect the phase
information for data restoration and can be assumed to be 1 for
simplicity. In practice, pilot carriers are placed at the beginning
of each data frame to enable continuous re-estimation of H,
thereby accommodating slow variations in system operating
conditions. Rapid transients, however, may cause a mismatch
between the estimated and actual H, potentially leading to
demodulation errors. Reducing the frame length or inserting
mid-frame pilot carriers can improve tracking performance un-
der rapid transients. However, increasing the frequency of pilot
intervals also introduces greater overhead, which requires a
tradeoff.
The full process of the proposed decoupling strategy, as
well as the signal demodulation process, is demonstrated in

2215

Fig. 7. The time-domain signal v,4(t) and v,(t) are the power
filter capacitor voltage of the data receiver in the d—g frame.
They are multiplied by the locally generated complex sinusoidal
signal, respectively. The results are filtered by the LPF and then
reconstructed as complex numbers, transforming time-domain
signals into phasors. Subsequently, all phasors are amplified by
the integrator for computational convenience. During the pilot
carrier periods 74 and 7T, all elements of the coupling matrix H
are estimated and stored in the memory. Subsequently, switches
S; and 9 are toggled. The data phasors are then multiplied by
the inverse of the coupling matrix H ! to achieve decoupling
between d and g frames. The results contain the original phases
of carrier signals at the data transmitter, which can be directly
calculated. Finally, data decision modules are employed to re-
store the data.

IV. EXPERIMENTAL VERIFICATIONS
A. Simulation Results

The proposed decoupling strategy is based on the commu-
nication model in Section III. Hence, a simulation prototype is
built to verify the correctness of the theoretical model analysis.
The schematic of the communication model is shown in Fig. 5,
where Z,= 0.1 Q + 1 mH, Zy;= 0.1 Q + 1.2 mH, Zjpq= 1
Q+1mH, Z3»=047 Q+2mH, Z, = 0.15 Q +1 mH, and

€5
the sending signals Vs is set to (1) 7 [ (pl)} (i) = 7 {CJ 2[; },

4pi 1 1p1

and (iv) = 7 ¢ 5,,. . The angle difference ¢ of

i3
(iii) - 75 { L2 ]
the d—q frames between the data transmitting and data receiving
ends is set to 6= 30°. The coupling matrix can be calculated
given the system impedance and the angle difference from (10),
and its value is

- 0.074 — j0.0055 0.042 — 50.0033
©[—0.042 + j0.0033 0.074 — 50.0055] "

Fig. 8 presents the theoretical receiver signals based on the
impedance coupling matrix 7'z, the theoretical signals incor-
porating the full coupling matrix H, and the expected receiver
signals from the circuit model. These are distinguished by tri-
angles, dots, and squares, respectively. Four groups of signals
corresponding to the transmitted signals Vs are colored blue,
green, red, and magenta. The results show that the theoretical
signals based on the coupling matrix H closely match the
expected receiver signals in amplitude and phase, whereas those
based solely on Tz do not. The simulation results verify the
correctness of the analysis of the communication model. Due
to the coupling matrix being usually unknown in practical ac
systems, a decoupling strategy is proposed and experimentally
verified in the experimental section.

B. Experimental Results

To validate the feasibility of the proposed TPC scheme, a
3.3 kW ac microgrid with three grid-forming inverters operating
with 8 kHz switching frequency has been built, as shown in
Figs. 9 and 10. Simulink software is employed to develop the
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Group 2
- : . .
controllers of the three inverters. The main parameters are listed
. B o Groupl in Table L.
Group 3 0.05 o Droop control, along with voltage/current PI dual-loop con-
A A ’ 0.15 trol, is implemented for power conversion. The waveforms of
G 4 operational frequency, power filter capacitor voltage, and active
Tr/6 STONP A 117/6 power are presented in Fig. 11. The experimental data are
sampled at a frequency of 8 kHz and recorded using Simulink
software. This sampling rule is applied to all subsequent ex-
4n/3 Sn/3 perimental results. All three inverters have the same droop
3n/2 parameters; the stable frequency is around 49.945 Hz, while
b) the peak-to-peak value of the power filter capacitor voltage

Fig. 8.
and (b) g-axis.

Simulation results of receiving signals in polar coordinates at (a) d-axis

measures about 220v/2 = 311 V. The total active power is
calculated as P = 3 % 220?/44 =~ 3.3 kW, which is evenly
distributed among three inverters. The data modulation and
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Fig. 10.

Experimental test platform.

TABLE I
EXPERIMENT PARAMETERS

Parameter Value
Rated DC voltage Vg, 650 V
Rated phase voltage V. 220V
Rated LC filter capacitor C 50 uF
Rated LC filter inductance L 1.35 mH
Line impedance Z;, 0.1 Q+1.2mH
Line impedance Z;; 047 Q+ 1.2 mH
Grid frequency 50 Hz
Rated load resistance 44 Q
Data carrier frequency f; 1 kHz
Switching frequency 8 kHz
r I ‘ ' 50 HJS/le

50 ms/div
E 800 J
5}
£ 400} 1
(=W
0 L I L 1
Fig. 11.  Stable operation waveforms of three inverters.

demodulation functions are modularized, facilitating data trans-
mission and reception by each inverter. In the experiments, the
data is transmitted from inverter#1 and received by inverter#2.
Taking bus-1 as the reference bus, the voltage angle § at other
buses can be calculated from power flow calculations using the
Newton—Raphson method. For bus-2, § ~ 7°, and

T — [ cqs?

sin7° 109925 0.1219
—sin7° o

cos7° —0.1219 0.9925
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§ : I 25 IIIS/le
A A

. :

g“ ! 'H-Hj ﬂ_‘ 25 IIlS/le

T, 2T H’H

S
s
E Tgi(l) 25 ms/div
5| I
B g1 _
Q& ms/div
8 %0 25 /d
SR TV
S 1 1 1

4 U / 1
=-250 [ % 1 ‘ !

Pilot carrier period Data carrier period

Fig. 12.  Waveforms of inverter#1 when transmitting data.

Based on the structure shown in Fig. 9 and the example given
in Section III-A, Tz can be derived from circuit analysis as

(Z12/] Ziny2) || (Z13 + Zinys/ | Zioad)
Zinvl + (Z12//Zinv2) // (213 + ZinVS//Zload)
 Zinv2

Zinya + Z12

Ty =

where Ziyw1, Zinve, and Zj,ys are the impedance models of the
three inverters around the given operating point. Substituting
Ts and T into (10) yields the analytical expression of H.
It is clear from the above equation that 7'z is dependent on
the line impedance Z12, Zi3, the load impedance Zjy,q4, and
the impedance model of the inverters: Although Z12, Z135 and
Z1oad> Which are formed by passive components (resistance and
inductance), can be readily achieved from the parameters in
Table I, Ziny1, Zinve, and Zi,ys are typically unknown in practice.
As a result, the theoretical value of H is generally unachievable
in practice. Alternatively, the proposed method, which derives
the coupling matrix H in real time using only measurements,
offers a practical and effective solution.

Fig. 12 illustrates the waveforms of inverter#1 during data
transmission. The waveforms, arranged from top to bottom,
represent the data in the d axis, the data in the g-axis, the
normalized injected signals in the d-axis, the normalized injected
signals in the ¢ axis, and the power filter capacitor voltages
Voabe, Tespectively. Data in both d and g axes is modulated as
normalized injected signals, including pilot carriers and data
carriers that follow the frame protocol depicted in Fig. 6. The
injected signals are amplitude-controllable and superimposed
onto the power reference before dg/abc transformation. Small
perturbations can be observed in both the waveforms of vegpe
from the onset of the pilot carrier. The frequency of carrier
signals is set at 1 kHz with a symbol duration of 2 ms, resulting
in a calculated bitrate of BR = 2 x 500 x logo4 = 2 kbps. The
data transmission rate can be further improved by increasing
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Fig. 13.  Frequency spectrum of the capacitor voltage in the d—g axes of

inverter#2. (a) d-axis waveforms. (b) g-axis waveforms.

the switching frequency, as it is linearly proportional to the
switching frequency. A higher data transmission rate would
increase the scalability of communication among inverters.

Fig. 13 illustrates the frequency spectrum of the capacitor
voltage in the d and g axes when the carrier signals are present
and not present, respectively. When the carrier signal is not
present, the line-line voltage rms value corresponding to 380
V is reflected as 51.67 dB. When the carrier signal is present,
the amplitude at approximately 1 kHz measures about 11.83
dB in the d-axis and 5.49 dB in the g-axis, which corresponds
to about 1% and 0.5% of the fundamental component of the
line-line voltage.

Fig. 14 illustrates the transmitted data from inverter#1, the
capacitor voltage in the d and g axes of inverter#2, the real and

imaginary parts of the phasors V24 the real and imaginary parts

of the decoupled phasors V;q/, the restored phase of inverter#2,
and the result of data decision for inverter#2, respectively. Dur-
ing the pilot carrier period, the coupling matrix can be obtained
by a twice 20-ms estimation process as shown in the figures
of \71‘%’ and Vq,, where the real and imaginary parts are marked
blue and orange, respectively. For the first estimation process, the
pilot carrier is present solely in the d-axis of inverter#1, yielding
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Fig. 14. Waveforms of inverter#2 when receiving data. (a) d-axis waveforms.
(b) g-axis waveforms.

the coupling matrix parameters of the d-axis of inverter#2 to
the d axis of inverter#1 H ;4 = —1.846-j3.868 and the g-axis of
inverter#2 to the d axis of inverter#1 H,q = 2.249+j0.851. Sim-
ilarly, for the first estimation process, the pilot carrier is present
solely in the g-axis of inverter#1, yielding Hg, = -2.127-j2.614

and H,, = —1.911-j4.561. The value of the coupling matrix [
is
I — —1.846 —j3.868 —2.127 —j2.614
T | 2.249+j0.851  —1.911 — j4.561

An approximate delay of 2 ms can be observed in the wave-
forms of phasors VF‘{’” and Vf{, attributed to the digital filter.

During the data carrier period, f/}‘zq, is multiplied by the inverse
of the coupling matrix H ! to realize decoupling. The decoupled
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TABLE II
RESULTS OF ERROR RATE TESTING COMPARISON

Injection amplitude (p.u.) 0.01 0.015 0.02
SNR (dB, d-axis) 9.906 13.451 15.551
, g-axis . . .
SNR (dB, g-axis) 12.503 16.216 18.631
BER with decoupling 2x10% 1x10° <1x10%
(d-axis)
BER without decoupling 1.19%10" 1.06x10"  0.97x102
(d-axis) ' ’ ’
BER with decoupling 2x10% 1x10° <1x10%
(g-axis)
BER without decoupling 213x102  1.84x102  1.29x102
(g-axis) ) ) )

results are complex phasors Vg and f/sq/, where the real and
imaginary parts are marked blue and orange, respectively. The
restored phase value can be calculated from the complex phasors
Véj' and f/g/ by applying the arctan function. Data decisions
are made at the position of 3/4 symbol cycles, resulting in
an approximate delay of 1.5 ms; hence, the practical delay
from transmitted data to received data is approximately 3.5
ms. The comparison of the received data with the transmitted
data indicates that the results are correct, thereby validating the
feasibility of the proposed scheme.

The signal-to-noise ratio (SNR) can be derived using (16),
which is expressed as

P,
SNR = 10lg <P5 )

n

(16)

where P is the receiving signal power and P, is the power of
the additive white Gaussian noise. To evaluate the performance
gain introduced by this decoupling process, we compared bit
error rates (BER) under two conditions:

1) Without decoupling (setting the decoupling matrix as the
unit matrix), where direct demodulation is performed.

2) With decoupling, where the proposed adaptive estimation
and compensation are applied.

Under identical experimental settings (1 kHz carrier, 8 kHz
switching frequency, 3.3 kW converter, 0.01, 0.015, and 0.02
injection amplitude), the results of SNR and the BER are listed
in Table II and shown in Fig. 15. It can be observed that
without the decoupling process, the BER (black and pink curves)
exceeds 1071, indicating unreliable communication. In contrast,
with the adaptive decoupling mechanism enabled (blue and
red curves), the BER is significantly reduced, demonstrating
the effectiveness of the proposed interference elimination strat-
egy. The results also prove that with the proposed decoupling
mechanism, the communication is robust under different SNR
conditions.

To ensure reliable performance in power grids with high
harmonic distortion, the proposed TPC method incorporates
several robustness measures. First, the carrier frequency is flex-
ibly configurable within the usable bandwidth (up to half the
switching frequency), allowing it to avoid interference from
harmonics. Second, a digital HPF is applied at the receiver to
suppress low-frequency harmonic noise while preserving the
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Fig. 15. Results of error rate testing before and after decoupling.
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Fig. 16.  Frequency spectrum of the d-axis capacitor voltage before and after
the HPF filter.
TABLE III
LITERATURE COMPARISON
Experimentally ?r:ltlzﬁrclg Injection
Reference  Modulation  verified bitrate cquency amplitude
utilization
(bps) " (p.u.)
Shan and
Umanand [24] OOK 5 N/A 0.02-0.07
Liu et al. [25] FSK 100 0.0067 0.0065
This work QPSK 2000 0.25 0.01

communication carrier. For example, under a 1 kHz carrier,
the 300 Hz harmonic component is attenuated by 11.2 dB after
filtering, as shown in Fig. 16. The effect of the filter in the g-axis
is the same and not shown for the sake of brevity. Finally, the TPC
framework is compatible with advanced interference mitigation
strategies such as adaptive carrier shifting or frequency-hopping,
which can be implemented to further enhance resilience and
merit further research. These features collectively ensure that
the TPC scheme remains feasible and reliable in harmonic-rich
power systems.

A comparison between the proposed TPC-CR method and
existing TPC-CR methods is given in Table III. According
to Table III, the proposed TPC-CR method achieves a decent
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communication rate under a small data carrier injection ampli-
tude through dual-channel decoupled QPSK modulation. The
injection amplitude can be increased within allowable ripple
constraints to improve signal strength when necessary. Mean-
while, high switching frequency utilization 7 (bitrate divided
by switching frequency) rate indicates that the communication
rate can be further increased with the increase of the switching
frequency utilization.

V. CONCLUSION

This article presents a dual-channel decoupled data modula-
tion method to realize TPC in three-phase ac systems, where
power buses are multiplexed as communication channels, elim-
inating the need for additional communication cables or hard-
ware. This approach simplifies system structure and enhances re-
liability. A thorough analysis of cross-axis coupling interference
is provided, along with an adaptive estimation strategy that ef-
fectively mitigates this issue. By decoupling two communication
channels and enabling simultaneous data modulation through a
single inverter, the method improves both channel utilization and
communication rate. Experimental results from multiple invert-
ers verified the theoretical analysis and demonstrated a 2-kbps
bitrate on a 3.3 kW system, validating the proposed method’s
effectiveness. While the proposed method demonstrates reliable
performance, further enhancements such as error correction and
retransmission schemes may be explored to improve robustness
in complex grid environments.
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