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To eliminate the interference with the transmission of electrical signals, this paper puts
forward a reverse synchronous transmission (RST) control method based on parallel
injection and series pickup. Firstly, the synchronous transmission mechanism of electrical
signals was analyzed, followed by the design of the framework and workflow of signal
transmission. Next, an RST channel model was established for electrical signals, and the
transmission parameters were configured based on the transmission properties of these
signals. Through alternative current (AC) impedance analysis, the Laplace transform was
performed on the transmission loop to increase the voltage of the transmission channel, and
to elevate the signal-to-noise ratio (SNR) of the voltage across the resistor. Finally, the
voltage comparator was adopted to obtain the digital information of the baseband signal, and
the power signal was transmitted to the RST channel, completing the RST control of
electrical signals. The experimental results show that the transmission speed of the system
was 0.7488, and the reverse transmission of electrical signals was only delayed by 5ms,
when the intensity of electromagnetic radiation was 2.0uT. Through parallel injection and
series pickup, the proposed system can effectively realize the RST of electrical signals,

without changing the topology of the transmission system.

1. INTRODUCTION

Signal transmission plays an important role in the electricity
transmission in inductively coupled power transfer (ICPT)
system. The signals can feedback the working conditions or
transmit control commands. Traditionally, the ICPT system
synchronously transmits electrical signals by three methods:
single channel technology, dual channel technology and radio
frequency technology. Judging by system integration and
reliability, the single channel technology boasts relatively high
research value and good application prospects.

Based on signal transmission mode, single channel
technology falls into two categories: energy modulation and
carrier modulation. In energy modulation, the electrical signals

are transmitted by identifying and creating an energy envelope.

This transmission mode can be further divided into voltage
regulation, frequency modulation and tuning. However,
energy modulation suffers from poor electrical quality and low
transmission efficiency.

In carrier modulation, the signal spectrum can be expanded
through sine wave carrier modulation, facilitating the signal
transmission in the channel. Then, the modulated signal is
transmitted to the energy channel, which serves as a signal
channel for transmission. This modulation method has been
widely used and researched, for its limited impact on power
transmission. However, the electrical signals need to be
transmitted through an independent channel, rather than
general channels. Otherwise, the power frequency will
interfere with the channel operation, causing errors to signal
transmission.
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To solve the above problems, this paper proposes a reverse
synchronous transmission (RST) method for electrical signals
based on parallel injection and series pickup. Firstly, an RST
channel was constructed after analyzing the RST process of
electrical signals. The transmission parameters of the
modulated signal were adjusted through parallel injection and
series pick-up. Through alternative current (AC) impedance
analysis, the Laplace transform was performed on the
transmission loop to increase the voltage of the transmission
channel, and to elevate the signal-to-noise ratio (SNR) of the
voltage across the resistor. Finally, the signal was
demodulated by the voltage comparator to obtain the digital
information of the baseband signal, and the power signal was
transmitted to the RST channel.

2. RST MECHANISM BASED ON PARALLEL
INJECTION AND SERIES PICKUP

This paper selects a classic ICPT system [1] as the
experimental system. The basic architecture of the system is
given in Figure 1.

The ICPT system is divided into a primary side and a
secondary side. The current from the DC power supply on the
primary side is inverted by high-frequency, transmitted to the
receiving coil of the secondary side, and supplied to the
electrical equipment after compensation, rectification, and
filtering. Take the compensation architecture of series pickup
on the primary side and parallel injection on the secondary side
for example. The decoupled equivalent circuit [2] of the
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architecture is shown in Figure 2. Based on the principle of
reflected impedance, the signals are transmitted from the
secondary side to the primary side.

The voltage modulation of the primary and secondary loops
can be respectively described as:
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where, Z;; and Z»; are the self-impedances of the primary and
secondary loops, respectively. The following can be derived
from formula (1):
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The above analysis shows that the current is affected by the
primary-side compensation capacitor [3], secondary-side
compensation capacitor C», and the load R;. To complete the
RST of electrical signals at load change, formulas (1) and (2)
were combined to design a control algorithm for the RST of
electrical signals in the ICPT system [4] (Figure 3), which adds
a signal conditioning structure and a signal modulation
structure to the primary and secondary sides, respectively.

Figure 1. The basic architecture of the ICPT system
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Figure 2. The equivalent circuit of the primary and
secondary sides of the ICPT system

The RST loop consists of the DC input voltage Uy, a high-
frequency inverter composed of S;-S4, the primary-side series

pickup capacitor C;, the secondary-side parallel injection
capacitor C,, a two-way switch that cuts in/out the signal
modulation capacitor Cy, a variable load R;, a current energy
detection circuit, a drive module, and a signal demodulation
structure.

As shown in Figure 3, the DC current is converted into AC
current by the high-frequency inverter, and transmitted to the
secondary side through inductive coupling, before powering
the load via pickup and filtering. The load size is evaluated by
the current energy detection circuit. Based on the detected
information, the controller [5-9] cuts in/out the signal
modulation capacitor Cy via the drive module and the two-way
switch, providing the primary-side current with signal features.
Finally, the signals are restored and extracted through the
signal conditioning structure.
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Figure 3. The workflow of the RST of electrical signals
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3. MODELING OF RST CHANNEL

If the architecture and parameters (except for load) of the
ICPT are determined, the primary-side currents when the
signal modulation capacitor Cp is cut into/out of the system
were calculated by the principle of reflected impedance:

(1) When the signal modulation capacitor Cy is cut out of
the system, the equivalent circuit diagram of the system is
shown in Figure 2. If w?L,C; = 1 and w?L,C, = 1, then the
primary-side current can be calculated by:

ViL,
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(2) When the signal modulation capacitor Cy is cut into the
system, the equivalent circuit diagram of the system is shown
in Figure 4.

4
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Figure 4. The equivalent circuit diagram of the system with
Cy cut-in

As shown in Figure 4, the overall impedance of the system
can be expressed as:
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If w?L,C; =1 and w?L,C, =1, then the primary-side
current can be calculated by:

I, = Vi
P |oM? + @*M?(C,+C, ) Rii (5)
L, (@CyR, —i)

It can be seen from the formula (5) that the cut-in and cut-
out of signal modulation capacitor Cy has a certain interference
to the size of the primary-side current. The selection of Cp
interferes with not only the efficiency and transmission power
of the system, but also the accuracy of signal demodulation. It
is important to rationalize the size of Cy to make the secondary
side work near the resonance frequency [10-12]. Taking C, =
0.22uF for example, this paper configures the following ICPT
system parameters to analyze the control algorithm of the
system and the signal modulation strategy under load changes:

The input DC voltage U,/V is 10; the primary-side
resonance capacitance C;/uF is 0.47; the primary-side
resonance inductance L,/uH is 134.7; the secondary-side
resonance capacitance C,/uF is 1.0; the secondary-side
resonance inductance L,/uH is 63.3; the signal modulation
capacitance Cy/uFis 0.22; The mutual inductance M /uH is
18.5.

When the signal modulation capacitor is cut out of or into
the circuit, the effective value of the primary-side current will
change with the load resistance [13-15] (Figure 5).
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Figure 5. The variation of primary-side current with load
changes

As shown in Figure 5, the primary-side current curves of Cy
cut-in and Cj cut-out intersected at a point, where the
resistance is denoted as Ry [16]. If the system architecture and
parameters are fixed, Ry is a constant value.

4. REALIZATION OF RST OF ELECTRICAL
SIGNALS

4.1 Parameter configuration

The topology of the transmission channel must be clarified
before identifying the transmission features of electrical
signals [17]. To analyze the transmission channel, a choke coil
L. and a choke capacitor C. were added to the secondary-side
circuit, forming a choke network that satisfies:

1

C
el

(6)

where, w; is the angular velocity of signal transmission.

Under the above parameter configuration, the choke
network has a large impedance for high-frequency electrical
signals, which is equivalent to an open circuit. In this way, the
carrier current to be incorporated into the secondary-side
resonant coil to the maximum extent.

To increase the intensity of signal transmission at the
transmitting end and reduce the signal attenuation in the
channel, this paper takes the secondary-side resonant coil into
the analysis of signal resonance. Hence, the transmission
capacitance Cr of the secondary-side electrical signals can be
calculated by:

1
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To eliminate electrical interference [18] and increase the
received signal strength, a resonant capacitor Cr; was injected
in parallel across the secondary-side signal coupling
transformer Lg;:

1
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4.2 Transmission process

The transmission process of electrical signals is illustrated
in Figure 6, where j; is the transmitted current, i is the
secondary-side current, ip is the primary-side current, and i, is
the parallel pickup current.

CZ

l I FTarge
L Cs impedanc
5 Y

| S|

—
R2

Figure 6. The transmission process of electrical signals

As show in Figure 6, the power signals are transmitted in
four loops. Loop 1 modulates the electrical signals, and
introduces the modulated voltage into the signal coupling
transformer, integrating the signals to the main circuit. Loop 2
makes the electrical signals to approach the fully resonant state,
and enhances the strength of the signal to a certain extent.
Loop 3 is comparable to a frequency selective filter composed
of primary-side coil and capacitor, which attenuates the
electrical signals of megahertz frequency. Loop 4 make the
circuit resonance frequency equal to the frequency of the
electrical signals, amplifying the transmission frequency and
received signal strength.

4.3 Voltage gain of transmission channel

Through AC impedance analysis, the following can be
derived from Figure 6:
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where, Z, is the Laplace transform of the equivalent impedance
in loop x; Z,, is the Laplace transform of the impedance of the
mapping from loop x to loop y, x, y=1,2,3, 4, x # y.
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According to Kirchhoff's laws for voltage and current, we
have:
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Then, the voltage gain of the transmission channel can be
obtained as:

Ug,
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4.4 Signal conditioning

Figure 7 presents the architectures of the signal transmitting
circuit. In this paper, a Hartley oscillator is used to generate
high-frequency sine wave, and a digital multiplexer is
employed for signal modulation. To meet the power
requirement of the transmitting end, the modulated signals
were transmitted to Class A and B power amplifiers.

The circuit of the Hartley oscillator was designed to produce
a sine wave with a frequency range of 30kHz~30MHz,
satisfying the power frequency requirements for common
bandwidths. In the actual circuit design, it is necessary to avoid
the mutual inductance between the inductors L; and Lo.
Otherwise, there will be large errors in the resonance
frequency and the design frequency. The working reliability,
stability, and load of this circuit can be changed by adjusting
C; and Rs. The oscillation frequency of this circuit was
determined by the parameters of the resonant circuit composed
of inductors L; and L», as well as capacitor Cs. The resonant

frequency can be calculated by w = 1//(L; + L,)C5.

The architecture of the receiving circuit is also displayed in
Figure 7, where resistor R, is made up of the series pickup
between R»; and R».. The two sides of resistor R, are injected
in parallel to the inductor-capacitor (LC) resonance network.
The resonant frequency of the network equals the carrier
frequency of the electrical signals. Therefore, the network has
a large impedance under the signal source U, which is
equivalent to an open circuit. As a result, the network does not
interfere with the voltage gain of signal transmission. For the
interference caused by the voltage source Eq., the impedance
is very small due to the kilohertz frequency, which is
comparable to an open circuit. Thus, most interference voltage
is divided in R;;, eliminating the influence of electrical energy.
Meanwhile, the SNR of the voltage across Rz, was
strengthened. Then, the voltage passes through a follower
composed of computing amplifiers and a non-inverting
amplifier, flowing into the diode envelope detection circuit.
After that, the voltage is demodulated by the voltage
comparator, producing the baseband signals. In this way, the
RST of electrical signals is completed.
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Figure 7. The process of electrical signal conditioning

5. EXPERIMENTAL VERIFICATION

To prove the feasibility of our method, an energy-carrying
communication experimental platform was constructed based
on the ICPT system. The electrical signals were generated by
STM32, and modulated by an adjustable voltage regulator
circuit. The waveforms of the electrical signals and modulated
signals were displayed by an oscilloscope with a coupling
architecture, which contains an XL6009 voltage stabilization
chip, an XKT412 inverter chip, and an LM393 voltage
comparison chip. The control signal frequency and resonant
frequency of the system were set to 1kHz and 38.165kHz,
respectively.

The coils were mechanically wound with 17 turns. The
electrical parameters of the coupling architecture are listed in
Table 1.

Table 1. The electrical parameters of the coupling

architecture
Parameter Value
Input DC voltage 5
Input DC current 1
Primary-side resonant capacitor 0.57
Primary-side resonant capacitor 47
Secondary-side resonant capacitor  0.51
Secondary-side resonant inductor 34

Stop  M500us 0.0

Energy

~FHHHHHHE

EN N NX

Signal
f <10Hz
CH2f0.00mV

T2
CHI =5.00v CH2=5.00mV

Figure 8. The 1kHz control signals

As shown in Figure 8, the simulated transmission speed was
0.7764, when the system operated at 38.462kHz. Under the
same frequency, the output voltage was 4.8V, output current
was 0.78A, and the transmission speed was 0.7488. The
experimental efficiency is lower than the simulation efficiency,
because the electrical parameters of the variation in the
coupling architecture in the high-frequency circuit brings
excessive losses. To improve the transmission efficiency, the
resonant frequency should be increased by redesigning the
coils.

Experimental analysis shows that our method can
effectively modulate the electrical signals into energy carrier
signals, and complete the RST of electrical signals, without
increasing the difficulty of system design.
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5.1 Signal transmission delay

To compare the control effects of different methods, the
RST delays of electrical signals of our method at different
intensities of electromagnetic interference were compared
with those of the fully coupled capacitor (FCC) model and
empirical wavelet transform (EWT).

Table 2. The RST delays of different methods

. . RST delay/ms
Interference intensity /pT FCC EWT Our method
0 25 32 0
0.4 34 46 0
0.8 46 66 0
1.2 52 89 1
1.6 88 120 2
2.0 168 132 5

As shown in Table 2, the RST delays of all three methods
decreased with the growing electromagnetic interference.
When the interference intensity was 0 (i.e. no interference), the
RST delay of FCC was 25ms, that of EWT was 32ms, and that
of our method was 0. When the interference intensity
increased to 2.0uT, the RST delay of FCC was 168ms, that of
EWT was 132ms, and that of our method was merely Sms.
Therefore, the transmission delay of our method is so small as
to be negligible under strong interference. This fully
demonstrates the RST control ability of our method for
electrical signals.

6. CONCLUSIONS

To mitigate the impacts of the transmission on the frequency
of electrical signals, this paper proposes an RST method for
electrical signals based on parallel injection and series pickup.
By this method, the RST of electrical signals is realized
through parallel injection and series pickup. The following
conclusions can be drawn from the experimental results:

(1) When the system operated at 38.462kHz, the simulated
transmission speed was 0.7764, while the experimental
transmission speed was 0.7488. This means our method can
effectively modulate the electrical signals into energy carrier
signals, and complete the RST of electrical signals.

(2) When the interference intensity increased to 2.0uT, the
RST delay of our method was merely Sms. This fully
demonstrates that our method can effectively reduce the
transmission delay under strong interference, and implement
the RST control of electrical signals.

Of course, there are some limitations of our research. For
example, the electrical signals are easily lost during the
transmission, owing to their instability. The future research
will introduce real-time detection and intelligent control to the
proposed method, aiming to detect and regulate the signal
states in real time, and to avoid signal loss.
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