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Abstract—Interleaved DC/DC converters are commonly
used in high-power wireless power transfer (WPT) systems
to manage the high charging currents and voltages.
However, interleaved DC/DC converters in these systems
suffer from current imbalances, causing inefficiencies and
unreliability due to uneven thermal distribution and current
stress. In this paper, an autonomous current balancing
method is proposed for two-phase interleaved DC/DC
converter-based WPT systems with a split input
configuration. The method is mathematically proven to be
generally applicable to WPT systems with interleaved
DC/DC converters, enabling flexible deployment across
applications with varying power levels, load conditions,
and converter configurations. A small-signal model-based
control strategy is developed to ensure fast dynamic
responses and high robustness of the system against
disturbances. The proposed method is validated through
mathematical analysis, simulation comparisons, and
laboratory experiments, confirming its effectiveness in
both steady-state and dynamic operations of the WPT
system.

Index Terms—Wireless power transfer, interleaved
DC/DC converter, two-stage rectifier, autonomous current
balancing

. INTRODUCTION

In recent years, wireless power transfer (WPT) systems have
proliferated rapidly. The WPT technology has been evolving
for high-power applications, such as industrial automation [1],
electric vehicle charging [2], and railway systems [3].
Conventionally, two-stage AC-DC rectifiers are commonly
employed in WPT systems. They are typically composed of a
diode bridge followed by a single-phase DC/DC converter. This
topology can achieve high power conversion efficiency and
provide a wide output voltage regulation range [4]-[8].
However, single-phase DC/DC converters are not suitable for
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high-power applications. They suffer from elevated voltage and
current stress on semiconductor devices and reactive
components, limiting the output capability and requiring a
bulky output filter for handling high current ripples.

To address these issues, interleaved DC/DC converters are
considered as a more feasible solution in WPT charging
systems [3] [9]-[13]. By utilizing multiple converter modules
with phase-shifted pulse-width modulation (PWM), interleaved
DC/DC converters can minimize component stress while
enhancing output current capability. Additionally, the size of
the output filter is significantly reduced due to the increased
frequency of the current ripple [14-21]. Despite these inherent
advantages, current imbalances of interleaved converters will
lead to asymmetries among different phases, consequently
resulting in high thermal stress for switches due to the uneven
current delivery. This accelerated heating shortens device
lifetime and reduces reliability. Imbalances also create unequal
voltage stress across switches. Traditional approaches to
balancing phase currents generally rely on the control of
individual phase current or voltage, requiring the deployment
of extra current or voltage sensors [22]-[28] and escalating the
costs. To reduce the component cost, recent research has
focused on single-sensor and sensor-less current balancing
methods with the introduction of current estimation techniques.
In [29]-[30], the inductor currents are estimated by analyzing
the correlation between the output voltage ripple and the phase
current distribution. This simplifies the current balancing
process by eliminating the need for current sensors. A sensor-
less current balancing method is reported in [31], where phase
currents are estimated indirectly by identifying the series
resistance ratio (SRR) of each phase. This method can achieve
current balance through duty cycle adjustment without
additional current sensors. Furthermore, in [32]-[34], a single-
sensor sampling strategy is applied, in which diode current
measurements are used to estimate the average inductor current.
Despite their advantage of sensor reduction, these approaches
heavily rely on accurate parameter estimation and involve
complex control implementations, making them infeasible for
practical and low-cost microcontroller-based applications.

In light of these challenges, a fundamentally different
method is proposed in this paper with the following key
contributions.

1. The proposed method can achieve autonomous current
balancing through the inherent coupling between the DC-link
capacitors’ voltage and inductors’ current by the novel
topology, thereby eliminating the need for dedicated balancing
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Fig. 1. (a) Circuit topology of the autonomous current balancing
interleaved DC/DC converter-based WPT system. (b) Classical
interleaved DC/DC converters.
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sensors or complex balancing control schemes, and offering
enhanced simplicity and robustness.

2. Different from most existing balancing methods focus on
specific converter topologies. The proposed method is
generally applicable to any interleaved DC/DC converter
topologies used in WPT systems. This generality is analytically
demonstrated and simulated, making the method highly
versatile across different WPT applications.

3. To further improve system dynamic performance, a small-
signal model-based Pl control strategy with feedforward
compensation is developed, which significantly enhances
transient response and system robustness.

Il.  AUTONOMOUS CURRENT BALANCING INTERLEAVED
DC/DC CONVERTER-BASED WPT SYSTEM

A. Topology

Fig. 1(a) shows the circuit topology of the autonomous
current balancing WPT system. The system consists of a power
transmitter and a receiver. The transmitter is a full-bridge
inverter generating a high-frequency AC current i, that drives
the resonant tank of compensation capacitor C,, and inductor
L,. The frequency of the i, is designated as f;. The receiver is
a two-stage rectifier, including a diode rectifier, pseudo-DC-
Link capacitors, and an interleaved DC/DC converter. The
diode rectifier consists of four passive diodes D;, D,, D and
D,. It converts AC power into DC and stores the energy on the
pseudo-DC-Link capacitors Cpc;, and Cpc,. The pseudo-DC-
Link capacitors alternate in storing charge during the positive
and negative half-cycles. When an imbalance occurs, a negative
feedback mechanism corrects the imbalance through self-
oscillation. The detailed balancing principle will be discussed
in Section Ill. It is worth noting that, compared with the
traditional DC bus structure, the pseudo-DC-link capacitor
structure requires one more capacitor, and the total capacitance
is doubled. Yet, this extra capacitor only slightly increases the
volume and has negligible impact on the overall power density.
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Fig. 2. Block diagram and key waveforms of the modulation scheme.
(@) Synchronized modulation scheme with feedback control. (b)
Detailed synchronized scheme. (c) Key waveforms of the modulation
scheme.

The commonly used interleaved DC/DC converters are
shown in Fig. 1(b). In this paper, an interleaved buck converter-
based WPT system is analyzed as a general example. The
proposed system consists of two complementary switch pairs,
S:, S, and S5, S,, two inductors L, and L, with equivalent
series resistance r;; and r;,, an output capacitor C, and a load
R,.

B. Modulation Scheme

To avoid the inherent beat frequency phenomenon in two-
stage rectifiers in WPT system, a synchronized modulation
scheme is employed in the proposed system [35]. The block
diagram of the modulation scheme is shown in Fig. 2(a). Once
the zero-crossing detection circuit detects that i;¢ turns to
positive, a synchronization signal, Sync, is generated. Its rising
edge are used to trigger the synchronized modulation scheme.
Based on the detailed block diagram of the modulation scheme
shown in Fig. 2(b), the phases of the drive signals are
determined by the synchronous signal Sync, while the feedback
control system establishes the duty ratios. Once the
microcontroller receives the synchronous signal Sync, the
drive signal Vg, of S; is high, aligning its phase with Sync.
The drive signal Vg, of S, is complementary to Vi ;. The
phase difference between the drive signal Vg3 of S5 and V4 is
set as 180° to achieve interleaved operation. The drive signal
Vysa 0F S, is complementary to V,¢;. The key waveforms are
shown in Fig. 2(c).

The duty ratio of drive signals V¢, and Vg3, D, is given by
the feedback control system to regulate the system output. Since
Vys2 and Vg, are complementary to Vg, and Vg3, their duty
ratio is 1 — D. To avoid the simultaneous conduction of each
complementary switches, a dead time t, is introduced, so the
duty ratios of each complementary drive signals are corrected
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Fig. 3. Key waveforms of the proposed autonomous current balancing
WPT system.

toD —ty/T,and 1 — D — t; /Ty, respectively.

C. Operation Principles and Steady-State Analysis

The equivalent circuit models of the proposed system under
various operating states are provided in this section to illustrate
its steady-state working principle. For simplified analysis, the
transmitter and the receiver resonant cavities are equivalently
expressed as an AC input current source i,¢, and its amplitude
is defined as I, ; [36]. Hence, the AC input current source i
can be expressed as

irs = 15 sin(2mfit). (1)
The key waveforms of the system and the equivalent circuit
models under various operating states are shown in Fig. 3 and
4, respectively.

For state | [t; <t < t,], the equivalent circuit model is
shown in Fig 4(a), and the corresponding waveforms of the
system are shown in Fig. 3. Attime t,, i, turns to positive, and
the drive signal Vg, turns high and S; is ON. Hence, the
pseudo-DC-link capacitor Cj; is being charged. Meanwhile,
as i;¢ is in the positive cycle and switch S5 is ON, the second
pseudo-DC-link capacitor Cp, is discharged by the output
inductor L,. The differential equations for pseudo-DC-link
capacitors can be expressed as

dvDCl ' .
Cpcr e s Tl )
dvpcz _ —i (2)

DC2 ™, L2

During State I, the output inductors L, and L, are being
charged by pseudo-DC-link capacitors Cpc; and Cpes

respectively. The differential equations for output inductors are
di .
L1% = Vpc1 — w11 — Vo
diy . @)
L, 2t Ypcz T U2l — Vo
The output capacitor C, filters out the ripple of i;; +i;, to
get a smooth DC output current i,, the differential equation for

it can be written as
Co%=ild1‘|'il,z_%0 4
For state Il [t, <t < t3]: the equivalent circuit model is
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Fig. 4. Equivalent circuit under different operating states. (a) State I. (b)
State Il. (c) State lll. (d) State IV.

shown in Fig 4(b), and the corresponding waveforms of the
system are shown in Fig. 3. At t,, the driver signal V,,; turns to
low, S5 is OFF, and no current flows through capacitor Cp,.
Meanwhile, Cp, is charged by the input current source i, ;. The
differential equations for the two capacitors are
opet is —lg

dtdv (5)

DC2
Coca a 0

As S5 is OFF, the inductor current i;, freewheels through
switch S,. Meanwhile, the output inductor L, continues to be
charged by capacitor Cp;, . The differential equation for
inductor L, and L, can be expressed as

CDCl

Ly % = Vpc1 — {1171 — Vo 6)

dip, .

L, Tt = w22 — Vo
For state Il [t; <t < t,]: the equivalent circuit model is
shown in Fig. 4(c), and the corresponding system waveforms
are shown in Fig. 3. During State Ill, i, enters negative cycle,
and drive signal Ve is high level, switch S; turns ON.
Capacitor Cp, is charged while Cp, charges the inductor L,.
The differential equations for the two capacitors are
dvpcy

b1 — Tl 7
dvpcz _ —i =i )
dt Ls — L2

The differential equations of L, and L, are

CDCZ

di ,
Ly ﬁ = Vpc1 — a1 — Vo

iy . (8)

L, 2t Ypcz T L2tz — Vo

For state IV [t, <t < ts]: the equivalent circuit model is
shown in Fig. 4(d), and the corresponding waveforms of the
system are shown in Fig. 3. At t,, switch S; turns off, and no
current flows through capacitor Cp¢;, the inductor current i,
freewheels through switch S,. During State 1V, the differential
equations for capacitors Cp.;, and Cp, are
dvpc1 _ 0

dt

dVDCZ _ . . (9)
ar - s T la
The differential equations of L, and L, are

CDCl

Dc2
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terms in Equation (9) are all equal to zero, and the steady-state =K== v,
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. . . . C 4vpcz _ Is _ Di
In the previous section, the pseudo-DC-link capacitors DCT 4 T o L2
i i i dipy .
structu.re was introduced. The mechanism of' automatic c_urrer_lt L L1 = Dvpey — ipgty, — (13)
balancing enabled by the proposed method is analyzed in this di
. . . 2 .
section. The method is applied to three commonly used i Dvpey = ip1, — v,
interleaved DC/DC converter-based WPT systems (buck, cWo_; L _Y
boost, and buck-boost) as examples. The validity of the ®ar — ML T2 R,

autonomous current balancing mechanism is demonstrated ~ Similarly, the differential equation for WPT system with an
through the negative feedback between the inductor current interleaved boost converter and buck-boost converter as

difference and the pseudo-DC-Link capacitors voltage eduation (14) and (15), rgspectivelly
VpcC1 LS

difference. This mechanism is further validated through a CDC? == i1
mathematical model. dvpcs s .
Cpc P TI ¥
A. Autonomous Current Balancing Mechanism 1 disa . +1-D) 14
; ; —= = VUpc1 — 11" — D)y
The autonomous current balancing interleaved DC/DC \ a ber AL 0 (14)
converter-based WPT systems shown in Fig. 5 feature diode LZ2 = ypey —ippr, + (1= D),
. . . . dt
rectifiers and pseudo-DC-link capacitors structures. It is worth vy _ (D = Diyy + (D — )iy, — 22
noting that this pseudo-DC-link structure can be applied to any °ar t1 bz g,
WPT system with an interleaved DC/DC converter. Cpe Wper _ s _ Di;,
Assuming that all devices in the WPT system with d:ffc !
. : : Cpe—22 =" _Di
interleaved buck converter are ideal, i.e., Cpc1 = Cpez = Cpe, DC ™4y T L2
Ly =L, = L, and ry; =7, = r. Then the differential equation 281 = Dyper + (D — Vv, — i1, (15)
for the system can be rewritten as d‘thZ _
2 = Dvpez + (D =Dy, — iom,
d 0 0 . .
o%=:_o_ (1 =D)iy — (A —=D)iy,

By rearranging differential equations in (11), the current
difference (i, — i;,) and voltage difference (vpcy — Vpcz) IN
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Fig. 6. Block diagram of the dynamics of voltage and current difference
with different interleaved DC/DC converter. (a) Interleaved buck
converter. (b) Interleaved boost converter. (c) Interleaved buck-boost
converter.

the interleaved buck converter-based WPT system can be
derived as follows

dvpci  dvpce . .
C (— ——===D(i;; — 1
pc\ "4 dc (i1 12)

L (% - %) = D(vpc1 — Vpez) — 1 (ing — ir2)

As revealed by Equation (16), an imbalance between the
inductor currents i;, and i;, triggers a negative feedback
mechanism. When i, > i;,, the voltage difference vpc —
Vp Shifts in the direction, which leads to a reduction in vp¢;.
This reduction results in negative feedback on i;,, gradually
decreasing i, to restore balance.

Similarly, the current and voltage difference in interleaved
boost converter and buck-boost converter WPT system can be
obtained by rearranging the differential equation (14) and (15)
as

(16)

Coe (% - %) = = (i1 = i12) an

L (% - %) = (Wpc1 — Vpcz) — (i1 — ir2)
Cbe (% - %) = —D (i1 — i12) 18)

L (% - %) = D(Wpc1 — Vpcz) — 1. (i1 — ir2)

This autonomous balancing mechanism results from the
inherent coupling between the DC-link capacitor voltages and
inductor currents. It drives the system toward equilibrium by
reducing the inductor current difference proportionally until
balanced operation is restored. The block diagram of this
coupled voltage-current dynamics mechanism is shown in Fig.
6, illustrating the interactive regulation process between Ai;
and Avp.

B. Second-Order Oscillation Model
The following equation is obtained by reorganizing the
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dynamic formula for voltage and current differences in the
interleaved buck converter-based WPT system
CDCL% + Cpct d(lei—:lLZ) +D?(ipy — i) =0
Cpcl dZ(VD‘c;t;vDCz) + Cper, d(ch:l;ch:) (19)
+D?(Vpcy — Vpcz) =0

The autonomous voltage and current balancing process in the
system can be represented as a second-order oscillation model
shown in Equation (19). By applying the Routh-Hurwitz
criterion, it is confirmed that all poles lie in the left-half plane,
ensuring asymptotic stability. Essentially, any disturbance in
the inductor currents or DC-link voltages is passively
attenuated by the inherent negative feedback of the pseudo-DC-
link capacitor structure.

The simulation and model analysis of the current and voltage
autonomous balancing process are shown in Fig. 7. Under the
defined operating conditions (f; = 200kHz, D = 0.7, I}, =
34, Cpe = 10pF, C, = 10uF, L = 50pH, r, = 0.1Qand R, =
12Q ), there is close agreement between the simulated
waveforms and model predictions. The close agreement
between the simulated waveforms and model predictions
demonstrates the validity of the second-order oscillation model
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derived. It also confirms the effective autonomous current-
sharing capability of the proposed methodology.

Similarly, by reorganizing the current and voltage difference
equations for the interleaved boost converter and buck-boost
converter-based WPT system, the second-order oscillation
models for each system can be derived as follows:

( d2(ip1—iL2) d(ip1—iL2) , ,
CDCL% % + (i —i2) =0

d%(Wpc1i-vpca2) d(Wpc1-vpc2)
1 Cpcl Dgltz pea) 4 Cpety, DC;t DC2

+Wpc1 — Vpe2) = 0

2 o
CDCL_d (lzltzlu) + Cpc1y —d(lLZtlLZ) +D?(iyy — i) =0

+ Cpcery,
(20)

{ Cpcl d*(pc1=vpcz) + Cpery d(vpc1—vpca) (21)

dt? de
\ +D*(Vpc1 — Vpcz) = 0

The simulation and model analysis of the current and voltage
autonomous balancing processes for these two systems are
shown in Fig. 8 and Fig. 9, respectively. The simulation results
and model analysis demonstrate the universality of the
proposed method for the interleaved DC/DC converter in WPT
system.

C. Influence on Parameter Mismatch

In practical circuits, the parameters asymmetry between each
phase is common. Taking interleaved buck converter-based
WPT system as an example, when the pseudo-DC-Link

capacitance and the output inductance are mismatched (e.g.
Caer < Cqep and Ly < L), the differential equation for the

system can be rewritten as

dvpcy _ Iis ;

Cpcr——==-D
DC1 ™4, - L1
dvpcz _ Is

C =
DC2 ;¢ p

dipq
dt
dir,
dt

dv v,
C,—2

o St - R_Z
By solving the differential equation, the steady-state solution
can be obtained as follows

Ly = Dvpcy — a1, — Vo (22)

L, = Dvpcy — i1, —

T _ 3 _Iis
1 =2 =
— — _ ILsrp+2ILsRo
VYpc1 = Vpcz = — 2 (23)
_ 2I1sRo

o 7D

Equation (23) shows that, in the steady state, the average
value of the inductor currents remain balanced. When there is a
difference in inductor currents, the dynamic expression of the
balancing process can be expressed as

Aiy(s) = i1 (s) —ifz(s) (24)
where i;,(s) and i,,(s) are the zero-input response of the
system with initial voltage and current difference. The detailed
derivation and results of Ai; (s) are provided in Appendix II.
Under parameter mismatch conditions, the autonomous current
balancing process no longer follows a second-order oscillation
model. Nevertheless, all coefficients in the characteristic
equation remain positive. By applying the Routh—Hurwitz
criterion, it is confirmed that all system poles lie in the left half-
plane, ensuring asymptotic convergence.

To verify the aforementioned analysis, the current-balancing
process is simulated under three parameter-mismatch scenarios.
Namely, i) Inductance mismatch (L, = 33uH, L, = 50uH); ii)
Capacitance mismatch ( Cpc; = 8uF, Cpcy = 10uF ); iii)
Simultaneous inductance and capacitance mismatch. The
simulated and model-calculated waveforms of the inductor
currents balancing process are shown in Fig. 10. The simulated
and model-calculated waveforms of the inductor currents
balancing process are shown in Fig. 10. The two sets of
waveforms agree closely in amplitude, phase, and settling
behavior. This agreement verifies the model and validates the
derived dynamic expression of the balancing process. These
facts demonstrate that the proposed autonomous current-
balancing method remains effective under parameter mismatch.

IV. SMALL SIGNAL MODEL AND FEEDBACK CONTROL
DESIGN

To improve the stability and reliability of the autonomous
current-balancing WPT system, the small-signal model of the
interleaved buck converter-based WPT system is analyzed in
this section. A detailed feedback control strategy is then
presented.
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A. Small Signal Model

By linearizing the steady-state model of the proposed system,
a small-signal model of the converter is derived. This model
provides the foundation for analyzing system stability and
designing a control strategy. The model and simulated analysis
results of the output voltage response to duty ratio perturbations
are compared in Fig. 11. The simulation parameters were set as
follows: f; = 200kHz, D = 0.6, I, = 3A, Cpc = 10pF, C, =
10uF, L =50uH, r, = 0.1Q and R, = 12Q. The response
predicted by the small-signal model closely matches the
simulation results, as seen in Fig. 11. This confirms the
accuracy and reliability of the derived model, thereby
demonstrating its suitability for further analysis and controller
design.

B. Feedback Control Strategy

Transmitter Coi

Receiver Coil

Interleaved
uck Converter

oltage Sensor:
LV-25P

urrent Probe

Inverter \
MCU:

F28379D

ZeroCrossing

Detecting Circuit Voltage Probe

Fig. 14. Photograph of the experimental setup and prototype.

To regulate and achieve a stable output voltage, a
Proportional-Integral (P1) controller is employed. Furthermore,
to improve the system's transient response and reduce steady-
state errors, a feedforward control strategy is introduced. The
feedforward control utilizes the pseudo-DC-link capacitor

TABLE .
SYSTEM SPECIFICATIONS OF THE EXPERIMENT SETUP

Description Parameter Value
Output Inductors Ly, L, 50uH
Inductor Equivalent Resistors 111, T2 0.1Q
Output Capacitors C, 10uF
Pseudo-DC-Link Capacitors Cpci, Cpca 10pF
Output Resistance R, 12Q
Switching frequency f, 200kHz

voltage vp 4, to anticipate disturbances and provide preemptive
adjustments, thereby accelerating the system's response to
changes in load or input conditions. The block diagram of Pl
with feedforward controller is shown in Fig. 12. In this diagram,
Vs is the reference of output voltage, v, is the sampled value
of output voltage, D is the duty ratio signal, k; is the
feedforward gain, k,, is the proportional gain, and k; is the
integrator gain. To ensure the fast response and sufficient
stability margin of the system, the cross frequency and phase
margin are set to 115Hz and 72°, respectively. The controller
parameters of the system are determined by using the Ziegler—
Nichols tuning method. For our proposed Pl and feedforward
control method, the gains are set as k; = 0.024 , k,, = 0.012,
and k; =12 . For comparison, a Pl-only controller with
identical phase margin is also tested. The crossing frequency is
only 61Hz with the control parameters k,, = 0.0108, and k; =
8. Fig. 13 shows the Bode Plots of loop gains with proposed
control method and Pl-only method. These results indicate that
incorporating feedforward control can significantly enhance the
transient response while maintaining the stability margin.

V. EXPERIMENTAL VERIFICATION

A prototype of the interleaved buck converter-based two-
stage rectifier WPT system is built as a test bench. The
hardware testing platform is shown in Fig. 14. The system’s
specifications are shown in Table I. The experimental
waveforms are recorded by using the DSOX3024. LV-25P is
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Fig. 17. Steady-state waveforms of proposed system with parameters
mismatch.

used for the output voltage and pseudo-DC-Link capacitors
voltage measurement. The receiver of the WPT system is
controlled by a commercialized digital signal processor
TMS320F28379D. The gate driver ADuM3223 is chosen to
drive the power MOSFETS IPB057.

A. Verification of Steady-State Performance

The experimental results of the proposed system while
operating under nominal conditions are shown in Fig. 15. The
input voltage of two-stage rectifier v,., inductor currents i;,
i, and input current i, ; are recorded as shown in Fig. 15(a). It
can be observed that the peak-to-peak value of input voltage v,
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Fig. 18. (a) Measured efficiency of rectifier with constant output voltage.
(b) Measured output power with constant load R, = 12(.

o

is 78.75V while the peak-to-peak value of input current i, is
3.38A. The average value and ripple of inductor current i, is
0.880A and 0.968A, respectively. The average value and ripple
of inductor current i;, is 0.881A and 0.968A, respectively. It
can be seen that the two-phase inductor currents i;; and i;, is
quite close, suggesting that the autonomous current balancing
has been successfully achieved under steady-state conditions.
Further, the switch voltage vy, and vy, of switches S; and
S,, output voltage , and input current i, ¢ are recorded as shown
in Fig. 15(b). The peak-to-peak voltage across the switches is
38.5V while the system output voltage stabilizes at 25.5V.

Fig. 16 presents the two-phase inductor currents i;q, i;,
along with the calculated sum of the currents, i;; + i;,. The dc
average values of i;; and i;, are 0.880A and 0.881A
respectively, while the current ripple values are 0.968A. The
calculated sum of i, + i;, has a DC average value of 1.760A
with current ripple value equal to 0.490A. This indicates that
the total current ripple has been effectively reduced by 49%
compared to the individual inductor currents, demonstrating a
significant improvement in current stability.

To demonstrate robustness under parameter mismatch, Fig.
17 presents the steady-state behavior of the proposed system
with mismatched parameters (L, = 33uH, L, = 50uH, Cpeq =
10uF, Cpcz = 12pF). The peak-to-peak value of the input
voltage v,-p) is 78.5V, and the average output voltage
Vo(ave) 1S 25.5V. These results are identical to those in Fig. 15.
The average values of inductor currents i, gy 0.880A and
{12(avey 0-878A remain equal, confirming that the pseudo-DC-
link topology still enforces accurate current sharing under
mismatch conditions.

Steady-state performance at various operating conditions is
evaluated, and the efficiency of the two-stage rectifier is
measured and plotted in Fig. 18. The output voltage is regulated
at 12V, and the output current I,, is varied from 0.5A to 3A (see
Fig. 18(a)). The average efficiency over this range is 93.3%,
and the maximum efficiency is 94.8% when the output current
is 3A. Fig. 18(b) illustrates the measured efficiency with
constant load R, = 121, and the output voltage varies from 3V
to 15V. The maximum efficiency is 94.6% when the output



9 1o [} 1000 & 1004 133 68 0o MLk

Vo(c\ve)lggév
A

Vo | | | I | | I I |
Lov/divVE T T T T T

Ve

Vo(avr.-):lo.og\/_

0
2A/div I

ILll |
1A/div =7

[T
1A/div

)

o)1 75

floae1i29AE | | | i

ILz(av‘e):O.623A

(b) | ©

Fig. 22. Waveforms of the system in parameter mismatch condition with voltage changing from 14V to 10V. (a) zoom-in waveforms before step
change. (b) step change process. (c) zoom-in waveforms after step change.

1 20/ 1 004 i 1638 S00.0z o

i Tt
1Afdiv [275mA|
i ]

IL2
1A/div ;|

£ ="
i

13.5mg

—_ 4 — Experiment
§ 2 —— Model
50
5 .2
(]
4!
Time (s) x10°
(b)
Fig. 19. Experimental and model-calculated results of autonomous
current balancing process. (a) Experimental waveforms. (b)

Experimental and model results of inductor currents difference.

ALk |
~~|500mA/div

i | AL
L1 |
1ATdiv SO
1ATdiv i TN, ]
500mA/div
(a) (b)

Fig. 20. Autonomous current balancing process under parameter
imbalance. (a) Experiment waveforms of inductor currents. (b) Zoomed-
in waveforms.

voltage is 15V. These results prove the two-stage rectifier
maintain high efficiency across a wide range of operating
points.

These experimental results confirm that the proposed WPT
system, based on the interleaved DC/DC converter
configuration, achieves a substantial reduction in current ripple
while maintaining high output current capability. The system
meets the contemporary demands for high current output,
highlighting the effectiveness of the proposed autonomous
current balancing method.

B. Verification of Autonomous Current Balancing

The waveforms of the autonomous current balancing process
are shown in Fig. 19. Initially, the difference between the DC
average values of two-phase inductor current i;; and i;, is
275mA. The waveform of the calculated current difference
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Fig. 21. Waveforms of the system operating with step change. (a)
output voltage changes from 12V to 8V. (b) load changes from 12Q to
8Q.

i1 — i, Shows that the current imbalance converges to zero
after 3.5ms, as shown in Fig 19(a). Fig. 19(b) depicts the
waveforms of the modeled and experimental results of inductor
currents difference. The results from the experiment (blue trace)
coincide with the model (red trace) throughout the transient and
steady-state operations, quantitatively validating the accuracy
of the model. These validate that the proposed pseudo-DC-Link
method effectively achieves autonomous current balancing in
the interleaved DC/DC converter-based WPT system.

To evaluate the autonomous current balancing performance
under parameter mismatch conditions, the experiment is
conducted. Fig. 20(a) illustrates the waveforms of inductor
currents during the current balancing process. The current
difference Ai,, is driven to zero within 2.2 ms. The zoomed-in
waveforms shown in Fig. 20(b) confirm that after the balancing
process, the average inductor currents are still the same, and the
system operates in the steady-state region. These results prove
that, even under significant inductor and capacitor tolerances,
the proposed autonomous balancing method rapidly enforces
equal current sharing without any active sensing or control
compensation.

C. Verification of Dynamic Performance



o 1398Y To@b 1308V

v _ |
SO/ T I S S M S I A O N O M I

o 1 {
2R/ i 0814 oy 1154
LATIvR I

Io ¢
1A/div]

<LK
\:

o L 17A

i Ail@ei0585A |||

iLoe:0.874A |

@)

[ S
78ms o5 0585A
(b) S

Fig. 23. Waveforms of the system in parameter mismatch condition with load changing from 8Q to 12Q. (a) zoom-in waveforms before step change.

(b) step change process. (c) zoom-in waveforms after step change.

¥ :9.98V Vi(ave):11.96V.
1 olave)- g(ave)- ¢ )|

T o R O

Vo
10V/div

lo
1A/div
L1

500mA/divi

Fig. 24. Experiment waveforms of the system when output voltage
steps from 10V to 12V.

Dynamic responses to reference and load steps are presented
in Fig. 21(a) and Fig. 21(b). The implemented parameters of the
feedforward control scheme are set to k,, = 0.032, k; = 10.8,
and ky = 0.02. Fig. 21(a) depicts the waveforms of the rectifier
operating in response to the reference voltage step from 12 to
8V. After a settling time of 12.3ms, the output voltage is
regulated from 11.98V to 8.02A. In the meantime, the output
current is changed from 0.96A to 0.72A.

Fig. 21(b) shows load stepping from 8Q to 12Q. The
controller maintains the output voltage at 12V while the output
current steps from 1.43A down to 0.96A and the settling time is
11.4ms. During the transients, the output voltage overshoot is
1.6V. These dynamic results confirm the effectiveness of the
proposed feedback control scheme.

Fig. 22(b) shows the waveforms when the reference voltage
steps from 14 to 10V under component mismatch condition
(L, = 33uH, L, = 50uH, Cpeq = 10uF, Cpep = 12pF) with
constant load 8Q. After a settling time of 12.3ms, the output
voltage is regulated to 10.03V and the output current changes
from 13.98A to 1.03A. Figs. 22(a) and 22(c) provide zoom-in
waveforms before and after the step change. In both cases, the
average inductor currents remain identical. Fig. 23(b) presents
the response when the load step from 8Q to 12Q, with the
voltage reference fixed at 14V. The output voltage remains at
13.98V with a settling time of 7.3 ms, while the output current
drops from 1.75A to 1.17A. Figs. 23(a) and 23(c) are the zoom-
in figures of the inductor currents before and after the step
change. Again, the average values remain equal. These results
demonstrate that during both step changes, the two-phase
currents stay balanced even under significant parameter
mismatch.

Fig. 24 illustrates the experiment waveforms that the system
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Fig. 25. Bode Plots of small-signal response of output voltage ¥, to duty
cycle d with different Cp..

output voltage steps from 10 V to 12 V. The output voltage v,
shifts from 9.98V up to 11.96V. Both inductor currents i;; and
i,, exhibit second-order oscillatory behavior and maintain
close tracking all the time. The instantaneous current difference
Ai = i, —i;, remains within £0.2A during the entire
transition, and this difference converges to 0 A in 5.6ms. These
results validate that the pseudo-DC-Link structure can
effectively enforce precise current sharing under step changes
without the assistance of any active current sensing or
compensation circuitry.

VI. CONCLUSION

In this paper, an autonomous current balancing method for
interleaved DC/DC converter based WPT system is proposed.
By substituting the conventional DC bus capacitor with a
pseudo-DC-Link capacitors structure, the proposed approach
achieves autonomous current balancing without additional
sensors. Theoretical analysis demonstrates that the principle
enabling autonomous current balancing is valid. Specifically, it
worths mentioning that the proposed approach can be generally
applied to any WPT system that uses interleaved DC/DC
converters. Based on the system’s small-signal model, a control
strategy is devised to ensure rapid disturbance response and
high robustness. The experiment results validate that the
proposed method allows interleaved DC/DC converter-based
WPT systems to achieve high current output capability while
avoiding current imbalances caused by parameter asymmetries.
Furthermore, no extra sensors are required to be added,
significantly reducing system costs and offering great potential



for practical applications.

APPENDIX |
GUIDANCE ON How To SELECT PSEUDO-DC-LINK CAPACITOR

The selection of the capacitance value is a trade-off between
the steady-state performance and the dynamic performance of
the system. To provide clear guidance on selecting the pseudo-
DC-Link capacitance, we derive upper and lower bounds from
classical power-electronics theory:

1. Minimum capacitance (ripple constraint): Due to the system
stability requirements, the ripple coefficient of the bus capacitor
is less than 3% [37], i.e.

Tsxf(;).s irs—ip1dt

Avpcy

A¥Dc1 _ 79 _s%Jo ‘LsT1G"

=3% - Cp¢c = 0035/ LSTL1*21L5Fo
: nD2

Ypc1

~3.5uF  (25)

2. Dynamic performance: From the dynamic perspective, the
value of pseudo-DC-Link capacitors also affects small-signal
behaviors. In order to better understand the effect of Cp¢
variation, the Bode plots are depicted in Fig. 25 for different
Cpc- As Cpc increases from 5uF to 200puF, the system requires
a lower crossover frequency to maintain the same phase margin,
resulting in slower response times with larger bus capacitance.
To ensure that the system has a bandwidth with 115Hz, the
pseudo-DC-Link capacitor value is selected to be 10uF.

APPENDIX Il
DERIVATION OF THE DYNAMIC EXPRESSION OF THE BALANCING
PROCESS

The dynamic behavior of the balancing process under
parameter mismatch conditions no longer conforms to a
second-order form. By using the state-space formulation
derived in Section 11, the system state vector is defined as

x = [Vpc1, Vpeas i1 ir2s Vol (26)
When the system parameters are mismatched, the state matrix
A is expressed as

A — 0
Cpci
o0 o -2
Cpc2
I _r _1
A=\ 0 Ly 0 Ly @7
02 0 L2
Ly Ly Ly
o0 — = ——
Co Co R Co

The zero-input dynamic response of the system variables during
the balancing process is governed by
x = Ax + x(0) (28)

where x(0) represents the initial voltage and current of the
system. The Laplace-domain representation is

x(s) = (s — A)™! x x(0) (29)
By substituting the system parameters into the matrix A, the
explicit expression of the balancing process can be obtained as

Aiy(s) = i1 (s) —irz(s)
= [(CCD1CCDZCOIL1(O)L1L2RO - CCchCDZCOILZ(O)LlLZRO)
s* +(Cep1Cep2li1(0)LyLy — Cepi Cepalia(0)L1Ly + CpeiCpca
CoL1Rov,(0) = Cep1CepaColaRov(0) + CepiCep2Colia (0)
LiRory, — Cep1Cep2Coli2(0)LaRo1y + Cepy Cep2Colyvpe2 (0)
RoD + Ccp1CepzCoLavpei (0)R,D) 53 + (CepiCopzVpei (0)D
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Fig. 26. Poles plots of the balancing process transfer function as L; and
C, changes.

Ly = Cep1Cep2Vpc2(0)DLy + 2Ccp1 Copaly (0) L1 Ry — 2Ccp,
Cep2112(0)LyR, + Cep1Cep2ly1(0) Ly, — CopiCepal2(0) L,y
+Cep1Col11(0)L1R,D? — CpyCol12(0)LR,D? + CepiCepy
CoRoVpc1(0)1,D — Cep1CeprCoRoVpcz (0)7,D)s% + (Copr Ly
1,1(0)D? = C¢pp Lol (0)D? 4+ 2Ccps Cop2RoVpe1(0)D — 2
Ccp1Ccp2RoVpc2(0)D + Cep1Cep2t,Vpc1(0)D — CeopiCepary,
Upc2(0)D + Cep1CoRoVpc1(0)D3 — CeppCoRovpc2 (0)D? —
Cep1CoRov5(0)D? + CprCoRov,(0)D?)s + (Copiveps (0)D3
~Cep2Vep2(0)D)]/[(Cep1CopzLiL,CoRo)s® + (CepiCeopzla
Ly + Cep1Cep2CoLaRo1y + CopiCepaCoLlaRom)s* + (Copy
Cep2LliRo + Cep1Cepala Ry + Copi Cepa Lyt + Cep1CepaLamy,
+Ccp1Cep2CoRom* + Cep1CoLiRoD? + CeppC,LyR,D?)s?
+(CCD1L1D2 + CcnszDz + CCDICCDZrLZ + 2Ccp1CepzRomy,
+Ccp1CoRo1,D? + CeprCoRo1,D?)s? + (CepiRoD? + Cep,
R,D? + C,R,D* + Ccp 1 ,D? + Ccppr . D?)s + D). (30)

Fig. 26 shows the pole locations of the fifth-order balancing
dynamics Ai;(s) as L, and Cpc, changes. As L; and Cpc;
decrease, the poles shift marginally left. All poles remain in the
open left-half plane for every case, confirming asymptotic
stability of balancing transfer function.
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