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ABSTRACT This paper investigates the stability problem of a series-series compensated wireless power
transfer distribution (SWPDT) system under source–load power fluctuations. First, a source-side power
harvesting model is established, revealing the nonlinear constrained characteristic of available power
with respect to transmission line current. Furthermore, the input-side equivalent negative impedance
characteristic under constant-voltage control is analyzed, which amplifies source–load disturbances and
deteriorates dynamic power stability. Based on this, the DC bus energy balance model is developed to
reveal the positive feedback mechanism induced by power mismatch, and the degradation mechanism of
ZVS conditions and switching failure is further investigated. To address the instability issue, a feedforward
power-constrained control strategy based on source-side available power information is proposed. By
incorporating real-time source power capability into the control loop, the input current reference is
actively constrained, ensuring that the system input power is always bounded by the source-side harvesting
capacity, thereby mitigating the power over-regulation problem inherent in conventional constant-voltage
control. Experimental results demonstrate that the proposed method effectively suppresses DC bus voltage
collapse, improves dynamic response performance, and significantly enhances system stability under
source–load power fluctuation conditions.

INDEX TERMS Transmission line energy harvesting; wireless power transfer; source–load interaction;
feedforward power-constrained control; DC bus dynamics; dynamic stability

I. INTRODUCTION
The harvesting of energy from transmission lines has proven
to be an effective means of powering distributed sensing
units within the context of modern electrical networks. As
one of the examples of such technologies, the series-series
compensated wireless power transfer distribution (SWPDT)
system has been designed to monitor line energy retrieval
via the electromagnetic induction of line currents [1]–[3].
Such systems enable continuous power supply to sensing
and communication devices along transmission lines, which
increases the reliability and autonomy of distributed moni-
toring networks [4]–[7].

In an effort to improve SWPDT system capabilities,
the simultaneous transfer of power and data via a single
channel has been widely studied [8]–[10]. Most of the
existing methods of cooperative transmission of power and
data are based on the combination of carrier injection and
energy modulation [11]–[14]. In the case of carrier injection
methods, information is conveyed by the superimposition
of a high-frequency communication signal onto the power

transfer process, which enables high communication rates.
However, it is often necessary to use additional filtering
devices and modulation/demodulation circuits, which in-
creases the cost of the system and its complexity [15]–[17].
In comparison, systems based on energy modulation are
advantageous because they offer low complexity. However,
the embedded information to be conveyed with the power
to be transferred can be adversely affected if there are
fluctuations in the power transfer conditions.

In practical transmission line operating environments, the
harvested power of SWPDT systems is highly dependent
on grid operating conditions. The transmission line current
varies continuously due to load fluctuations and switching
operations of electrical equipment, leading to correspond-
ing variations in the available harvested energy [18]–[21].
Therefore, the power supply capability of the energy har-
vesting unit cannot be regarded as constant, but exhibits
time-varying characteristics under different operating condi-
tions. When the line current decreases, the available harvest-
ing power is reduced accordingly, introducing uncertainty in
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the energy supply capability. Meanwhile, the receiver-side
DC–DC converter generally adopts constant-voltage control
to maintain stable output [22]–[24]. Under varying input
voltage conditions, this control strategy adjusts the input
current demand, leading to strong dynamic interactions on
the input side of the system.

Under the combined effects of source-side power fluctu-
ations and load-side control dynamics, SWPDT systems are
prone to power supply–demand mismatch under fast dis-
turbance conditions [25]–[27]. Conventional voltage-based
feedback control methods rely on post-event voltage infor-
mation, resulting in inherent response delays and limited
effectiveness in highly dynamic scenarios [28]–[30].

To address these issues, this paper proposes a feedfor-
ward power-constrained control strategy based on source-
side power information. A feedforward power-constrained
control strategy is proposed by incorporating source-side
power information, which enables adaptive input current
regulation and improves stability under power fluctuations.

The main contributions of this work are summarized as
follows:
(1) A dynamic power constraint model of transmission line

energy harvesting systems is developed to characterize
the nonlinear dependence of available power on line
current;

(2) The input-side behavior under constant-voltage control
is analyzed, revealing the impact of source–load dy-
namic interaction on system power balancing;

(3) A feedforward power-constrained current reference con-
trol method is proposed, which explicitly incorporates
power constraints into the control architecture and im-
proves system robustness against power fluctuations.

II. SYSTEM MODEL AND SOURCE–LOAD POWER
CHARACTERISTICS
A. SYSTEM STRUCTURE AND ENERGY TRANSFER
MECHANISM
The series–series wireless power transfer distribution system
with power regulation and information coupling (SWPDT)
is designed for transmission line monitoring and power
supply applications. The overall system architecture is il-
lustrated in Figure 1.

The system consists of a CT-based energy harvesting
unit, a front-end rectification and power conditioning stage,
a half-bridge inverter, an SS-compensated wireless power
transfer link, a receiver-side rectifier, a DC/DC conversion
stage, and a monitoring load.

The transmission line current is first converted into elec-
trical energy through the CT-based harvesting unit. After
rectification, a DC bus voltage Uin is established to supply
the inverter, which generates high-frequency AC excitation
for wireless energy transfer. The transmitted power is deliv-
ered through a magnetic coupling link and finally regulated
at the receiver side to provide a stable DC output for the
load.

A key characteristic of the system is that the source-side
input power is determined by the operating condition of the
transmission line, exhibiting strong time-varying and power-
limited behavior.

B. SOURCE-SIDE POWER CONSTRAINT
CHARACTERISTICS
To characterize the power limitation behavior of the source-
side energy harvesting unit, the relationship between trans-
mission line current and harvested power is first analyzed.

Let the transmission line current be expressed as:

i1(t) = I1m sin(ωt) (1)

The harvested voltage generated by the CT-based energy
harvesting unit can be described as:

uc = f(I1) (2)

Based on this relationship, the source-side available
power is defined as:

Pavail = f(I1) (3)

To describe more the characteristics of the power limita-
tion, it is necessary to conduct experiments to determine the
maximum obtainable harvesting power under various line
current situations.

The maximum available power can be expressed as:

Pmax = αIβ1 (4)

where α and β represent the parameters set by the harvesting
structure with the corresponding operating conditions.

The system input power is defined as:

Pin = UinIin (5)

When facing power restrictions from the source side, the
system must fulfill this constraint:

UinIin ≤ Pavail (6)

To visually illustrate the relationship between transmis-
sion line current and the harvested energy capability, the
corresponding experimental results are shown in Figure 2.

The findings show that the maximum limit of the har-
vesting power increases nonlinearly as a function of the
transmission line current, demonstrating how the harvesting
potential is heavily influenced by an operating scenario.
The power source-side limitation establishes the primary
boundary of system function, which supports source–load
coupling and stability assessment.

C. LOAD-SIDE DYNAMICS AND DC BUS ENERGY
INTERACTION
The DC/DC converter on the receiver side uses constant-
voltage control as its operational strategy. The output power
can be formulated as:

Pout =
U2
out

R
(7)
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FIGURE 1. System architecture of SWPDT.

FIGURE 2. Relationship between primary current and harvested
power/voltage.

Neglecting converter losses, the input and output powers
satisfy:

Pin ≈ Pout (8)

Thus, the input current can be derived as:

Iin =
Pout

Uin
(9)

This relationship indicates that under constant-voltage
control, a reduction in input voltage leads to an increase
in input current demand, revealing an inherent coupling
effect between the load-side regulation behavior and the
input electrical dynamics.

To further describe the system dynamic behavior, the DC
bus stored energy is expressed as:

Edc =
1

2
CU2

dc (10)

Taking the time derivative yields the DC bus power
balance equation:

CUdc
dUdc

dt
= Pin − Pout (11)

This equation reveals that the DC bus voltage dynamics
are directly governed by the power imbalance between the
source-side input power and the load-side demand.

When Pin < Pout, the DC bus capacitor discharges to
sustain the load, resulting in a continuous decrease of Udc.

This process indicates that the system enters an energy-
deficient state, in which the load-side regulation behavior
further amplifies the power imbalance through increased
input current demand. This coupling behavior leads to dy-
namic instability under power fluctuation conditions, which
is analyzed in detail in Section 3.

III. STABILITY MECHANISM AND INSTABILITY
ANALYSIS UNDER SOURCE–LOAD COUPLING
A. SOURCE-SIDE POWER CONSTRAINT
CHARACTERISTICS
In the SWPDT system, the energy harvesting unit is directly
driven by the transmission line current, and its output
capability is inherently constrained by the operating state
of the line. Therefore, the source-side power exhibits a
nonlinear and time-varying limitation characteristic.

The transmission line current is expressed as:

i1(t) = I1m sin(ωt) (12)

The harvested voltage of the CT-based energy harvesting
unit is described as:

uc = f(I1) (13)

The source-side available power is defined as:

Pavail = f(I1) (14)

Based on experimental fitting, the maximum harvesting
capability is given by:

Pmax = αIβ1 (15)

The system input power is defined as:

Pin = UinIin (16)

Thus, the source-side operating constraint can be formu-
lated as:

Pin ≤ Pavail (17)

To illustrate the nonlinear relationship between line cur-
rent and harvesting capability, the experimental results are
shown in Figure 3.
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FIGURE 3. Source-side power constraint characteristic under varying line
current.

The results indicate that the harvesting capability is
fundamentally bounded by the operating condition of the
transmission line, forming the first-order constraint of sys-
tem stability.

B. NEGATIVE IMPEDANCE CHARACTERISTIC UNDER
CONSTANT-VOLTAGE CONTROL
The receiver-side DC/DC converter operates under a
constant-voltage control strategy. The output power is ex-
pressed as:

Pout =
U2
out

R
(18)

Neglecting converter losses, the power balance is:

Pin ≈ Pout (19)

Thus, the input current is given by:

Iin =
Pout

Uin
(20)

The incremental relationship between input current and
input voltage satisfies:

∂Iin
∂Uin

< 0 (21)

Therefore, the equivalent input impedance is:

Zin < 0 (22)

To validate this characteristic, the experimental results are
shown in Figure 4.

This result indicates that the load-side regulation mech-
anism introduces an inherent negative impedance behavior,
which reduces system damping and weakens the ability to
suppress disturbances.

C. POWER MISMATCH AND DC BUS DYNAMIC
EVOLUTION
The energy stored in the DC bus is expressed as:

Edc =
1

2
CdcU

2
dc (23)

The dynamic power balance equation is:

CdcUdc
dUdc

dt
= Pin − Pout (24)

FIGURE 4. Negative impedance characteristic under constant-voltage control.

FIGURE 5. DC bus voltage collapse mechanism under power imbalance.

The system enters a mismatch state when:

Pin < Pout (25)

In this condition, the DC bus capacitor discharges to
maintain power delivery, resulting in a continuous reduction
of Udc.

The system becomes unstable when the operating point
enters the region Ωinst, where the source-side power is
insufficient to support the load demand:

Ωinst = {(Pin, Pout) | Pin < Pout} (26)

To validate this instability mechanism, the experimental
results are shown in Figure 5.

The results demonstrate that system stability is governed
by the real-time balance between source-side capability and
load-side demand, rather than static operating conditions.

D. ZVS DEGRADATION AND SWITCHING FAILURE
MECHANISM
For the inverter to achieve zero-voltage switching (ZVS),
the following condition must be satisfied:

IOFF > Icrit (3-16)

where Icrit is determined by device parasitic capacitance.
The resonant tank current is a function of available source

power:
IOFF = h(Pavail) (3-17)
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FIGURE 6. ZVS degradation and switching failure boundary.

where h(·) is a monotonically increasing function.
ZVS operation is maintained only when:

Pavail ≥ Pcrit (3-18)

When the system enters a power-limited state:

Pavail < Pcrit (3-19)

the following condition is violated:

IOFF ≤ Icrit (3-20)

leading to loss of ZVS operation and transition to hard-
switching mode.

To illustrate this boundary, the experimental results are
shown in Figure 6.

This phenomenon indicates that switching failure is fun-
damentally induced by insufficient resonant energy, which
originates from source-side power limitation.

IV. FEEDFORWARD POWER-CONSTRAINED CONTROL
AND EXPERIMENTAL VALIDATION
A. FEEDFORWARD POWER-CONSTRAINED CONTROL
STRUCTURE
Based on the analysis in Section III, the SWPDT system is
prone to DC bus voltage collapse under source–load power
fluctuations, particularly when the input power continuously
approaches the upper bound of the source-side capability.
This is mainly due to the fact that the load-side constant-
voltage control dominates the input power demand, leading
to potential power imbalance under source-limited condi-
tions.

To address this issue, a feedforward power-constrained
control strategy is proposed in this paper. By introducing
real-time source-side available power information into the
receiver-side control loop, the input power demand is ac-
tively constrained according to the source capability, thereby
preventing the instability mechanism identified in Section
III.

The overall control architecture is illustrated in Figure 7.
In this structure, the source-side available power is

transmitted through the information channel and used to
constrain the current reference according to the source
capability.

B. MECHANISM OF FEEDFORWARD POWER
CONSTRAINT REGULATION
Under conventional constant-voltage control, the input cur-
rent is regulated only according to the output voltage error,
and the source-side power capability is not considered in
the control process. Therefore, the input power may exceed
the available harvesting capability under source-side power
fluctuations.

To overcome this limitation, a feedforward power con-
straint mechanism is introduced by incorporating the source-
side available power into the current reference generation.
The allowable input power is determined by the source
capability and load demand, and the corresponding current
reference is obtained according to the constrained power
level and input voltage.

Through this mechanism, the input power is no longer
solely dominated by the load-side requirement, but is
jointly regulated by the source capability and load demand.
Therefore, the proposed strategy transforms the conven-
tional demand-driven regulation into a source-aware power-
constrained control framework.

The results demonstrate that the source-side power infor-
mation is fed forward to the controller, allowing the input
power constraint to be directly incorporated into the control
process.

C. STABILITY IMPROVEMENT MECHANISM
Without the proposed feedforward power constraint, the
input power is mainly regulated according to the load
demand. Under source-side power fluctuations, this demand-
driven regulation may cause excessive input current and
aggravate the power imbalance, resulting in DC bus voltage
instability.

With the proposed strategy, the source-side available
power is introduced as a constraint for current reference
generation. The input current is therefore regulated within
the allowable range determined by the harvesting capability,
preventing excessive power demand under source-limited
conditions.

Consequently, the power mismatch between the source
and load is effectively reduced, and the DC bus energy
variation is maintained within a stable operating range. The
proposed control strategy suppresses the positive feedback
process responsible for voltage collapse and improves the
stability of the SWPDT system under power fluctuations.

D. EXPERIMENTAL PLATFORM AND SYSTEM
CONFIGURATION
An experimental platform has been constructed to proto-
type the proposed control strategy. The prototype includes
a transmission-line energy harvesting unit, a half-bridge
inverter, an SS-compensated wireless power transfer link,
an S-BAR modulation and rectification module, and a pro-
grammable load DC/DC converter.
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FIGURE 7. Cooperative feedforward power-constrained control structure of the SWPDT system.

FIGURE 8. Mapping relationship between source-side power information and
control input.

FIGURE 9. Experimental platform of the SWPDT system.

The experimental platform is built on the system config-
uration and control architecture outlined in Section 2, and
the corresponding prototype setup is depicted in Figure 9.

Control parameters have been selected per the theoretical
analysis, further refined for experimental application, and
ensure that the analytical results match the experimental
findings.

FIGURE 10. System start-up response.

E. EXPERIMENTAL RESULTS AND ANALYSIS
1) START-UP PERFORMANCE
In the startup test, the output voltage and current references
were configured to the system at 24 V and 2 A, respectively.
The resultant startup waveforms are displayed in Figure 10.

The resultant waveforms show that the output current
has a steady-state increase that is achieved in ~400 ms.
The absence of noticeable oscillations or overshoot during
the transient response demonstrates the proposed control
strategy’s ability to achieve a stable start-up response.

2) LOAD DISTURBANCE RESPONSE
A load disturbance test was performed by imposing step
changes to the load resistance using an electronic load
between 12 Ω and 16 Ω. The resultant waveforms are shown
in Figure 11.

The waveforms captured show that the output voltage,
during the load variation, only experiences a small mo-
mentary change and goes back to the steady state value
after 50ms. This proves the fast recovery during disturbance,
which the control strategy is meant to address.

3) MODE SWITCHING PERFORMANCE
To assess the performance of mode switching, the current in
the transmission line is altered to define the power capability
on the source side. The measured waveforms during the
transition from constant-voltage to power-limited mode are
presented in Figure 12.

From the waveforms captured, it is validated that the
proposed feedforward strategy facilitates easy transition
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(a) Load step increase from 12 Ω to 16 Ω

(b) Load step decrease from 16 Ω to 12 Ω

FIGURE 11. Load disturbance response under step load variation.

(a) Transition from constant-voltage mode to power-limited mode

(b) Transition from power-limited mode to constant-voltage mode

FIGURE 12. Mode transition under source-side power variation.

from the constant voltage mode to power limited mode by
modifying the current reference based on the source. After
the power flow on the source side recovers, the system is
able to transition back to constant voltage mode seamlessly.

FIGURE 13. System shutdown response.

4) STEADY-STATE SHUTDOWN PERFORMANCE
To assess the performance of the steady state shutdown,
a test was performed to evaluate the transient response of
the system while switching it off. Measured waveforms are
shown in Figure 13.

From the measured response, the output voltage and
current decreased to zero seamlessly without any oscillation
or random changes, which illustrates the stable performance
of the control strategy during system shutdown.

V. CONCLUSION
This study analyzes the stability of a series–series compen-
sated wireless power transfer distribution (SWPDT) system
concerning source–load power fluctuation. The systematic
analysis of the source-side limitation and load-side constant-
voltage control interaction does an analysis of the system’s
source-side instabilities.

First, the author analyzes a source-side power constraint
model from an energy-harvesting perspective. The author
reveals the nonlinear dependence of available power on the
line current and analyzes the negative impedance caused by
constant-voltage control, aiding in explaining the system’s
intrinsic instability.

Second, through the structure of a DC bus energy balance,
the author describes the dynamics of the system under a
power mismatch. The author describes the positive feedback
mechanism, which contributes to the collapse of the DC
bus voltage, and explains its implications toward system
stability.

Based on the previous analyses, the author proposes
a feedforward power-constrained control strategy, which
is dependent on source-side available power. Integrating
control loops with source-side power capability, the author
argues that system input power is constrained to be equal to
the provisioned harvesting capacity. The author concludes
that the proposed method diminishes demand for uncon-
trolled power, while improving the system’s stability during
source–load power fluctuations.

Finally, the author experimentally validates the SWPDT
prototype regarding start-up response, load disturbance re-
jection, mode transition, and shutdown performance. The
experimental results show improvement of DC bus voltage
regulation and operational stability under changing source–
load conditions.
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This paper offers a theoretical approach to the insta-
bility mechanism and an accomplished control strategy
for SWPDT systems, showcasing the applicability of the
suggested approach for dependable energy harvesting from
transmission lines.
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