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Abstract—This article investigates the alternating current (ac)
side stability characteristics of a bidirectional ac direct current
(ac–dc) converter with an LC filter under six different operating
conditions, including forward operation (stiff, medium-strength,
and weak grids) and reverse operation (resistive, inductive, and
capacitive loads). For each operating condition, the instability
boundaries of two voltage–current dual-loop control schemes are
analyzed: one without voltage feedforward (VF) and the other
with VF. The results indicate that under medium-strength grid
conditions, both methods tend to lose stability, while under in-
ductive load conditions, the method without VF is more prone to
instability. To address these issues, an improved VF control strategy
is proposed, which effectively enhances the stability performance of
the converter across all operating conditions. Finally, the validity of
the theoretical analysis is confirmed through experimental results
obtained from a 3 kW bidirectional ac–dc prototype.

Index Terms—Bidirectional alternating current direct current
(ac–dc) converter, grid-to-vehicle (G2V), LC filter, stability
analysis, vehicle-to-load (V2L).

I. INTRODUCTION

W ITH the development of commercial vehicles, electronic
devices have gradually become the core of vehicle con-

figurations. The increasing vehicle electrification has led to a
continuous rise in the total power consumption of on-board
electrical equipment [1]. In small passenger cars, direct current
(dc) powered devices such as lighting and lamps are required,
whereas in large commercial vehicles, in addition to dc devices,
alternating current (ac) powered equipment such as air condi-
tioners and microwaves is also necessary [2]. The integration of a
large number of ac and dc devices has exceeded the power supply
capacity of the vehicle chassis power system. To enhance the
reliability of the electrical supply, energy storage batteries have
been introduced, resulting in a more stable on-board electrical
system [3].

The typical power supply architecture of commercial vehicles
is shown in Fig. 1. A bidirectional ac–dc converter is a key
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Fig. 1. Commercial vehicle power supply architecture.

component for connecting the ac grid, ac loads, and energy
storage batteries [4]. It primarily operates in two modes: the first
is the grid-to-vehicle (G2V) mode, in which the grid charges the
energy storage battery through the bidirectional ac–dc converter;
the second is the vehicle-to-load (V2L) mode, in which the
battery supplies power to the ac load via the same converter.
Additionally, there is the vehicle-to-grid (V2G) mode, in which
the vehicle provides energy to the grid through the bidirectional
ac–dc converter. However, in commercial vehicles, the practical
value of the V2G mode is limited due to the typically low voltage
(12–48 V) and relatively low capacity of the energy storage
batteries [5].

In Fig. 1, the bidirectional ac–dc converter primarily adopts
a two-stage topology, consisting of a front-end ac–dc converter
and a back-end dc–dc converter. The front-end ac–dc converter
operates in the G2V mode as a power factor correction (PFC)
circuit and in the V2L mode as an inverter (INV). To mitigate
high-frequency harmonics on the ac-side, employing a filter is
an effective solution, with common types including inductor (L),
inductor-capacitor (LC), and inductor-capacitor-inductor (LCL)
filters [6]. The L filter, characterized by its simple structure,
is widely employed in PFC mode [7], [8]. However, when
dual-mode PFC/INV operation is required, a higher inductance
is necessary for the L filter to enhance the sinusoidal waveform
quality in INV mode. This results in challenges regarding size
and cost. To resolve the issues associated with the L filter, it
can be modified into either an LC or LCL filter. The choice of
filter significantly influences the selection of front-end control
strategies, which can be broadly classified into two categories:
linear control methods, such as proportional-integral (PI) and
proportional-resonant (PR) controllers [9], [10], [11], [12], [13],
[14], and nonlinear control methods, including model predictive
current control (MPCC) [15] and deadbeat predictive current
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control (DPCC) [16], [17]. From the perspective of cost-effective
implementation, combining an LC filter with either linear con-
trol or DPCC provides a good balance between performance
and simplicity. In contrast, the LCL filter introduces high-order
resonance peaks, necessitating active damping in linear control
schemes or the use of MPCC with high-performance controllers
to address modeling complexity and reduce prediction errors.
Therefore, for dual-mode PFC/INV applications, the LC filter
remains the preferred choice.

With the increasing popularity of commercial vehicles, their
operating conditions have become more complex. In PFC mode,
the grid may be stiff, medium-strength, or weak, whereas in
INV mode, the load may be resistive, inductive, or capac-
itive. Additionally, the electromagnetic compatibility (EMC)
circuit significantly affects the configuration of the ac-side filter,
thereby altering the LC filter structure and further impacting
controller stability. These structural variations also compromise
the prediction accuracy of DPCC when applied with LC filter.
Consequently, recent research has primarily focused on LC filter
combined with linear control strategies. Li et al. [18] investigated
the effect of the EMC circuit on ac-side current harmonics in PFC
mode without considering the grid inductor Lg, while Wang et al.
[19] considered Lg but neglects the EMC circuit, resulting in a
single-inductor structure. Both Lg and the EMC circuit are taken
into account in [20] and [21], which focus on low-frequency in-
stability induced by negative resistance but lack high-frequency
analysis. Notably, these studies are confined to PFC mode. In
contrast, Geng et al. [22] and Fernández-Abraldes et al. [23]
addressed INV-mode stability under resistive loads only, and
[9], [10], [11], [12], [13], [14] emphasize functional design
in dual-mode PFC/INV systems without systematic stability
analysis. Furthermore, all the aforementioned studies adopt PI or
PR controllers, with some introducing voltage feedforward (VF)
as an additional enhancement. In PFC mode, VF mainly suppress
ac-side harmonics [18] and enhance dynamic response [20],
whereas in INV mode, it serves as active damping to suppress
LC resonance peaks [22], [23]. A comprehensive discussion
of VF is available in grid-connected systems with LCL filters.
Chen et al. [24] pointed out that VF includes two approaches,
namely capacitor-voltage feedforward [25], [26], [27], [28] and
PCC-voltage feedforward [29], [30]. Since PCC voltage is dif-
ficult to measure in practice, capacitor-voltage feedforward is
commonly adopted. Lu et al. [25] showed that, after applying
VF, the LCL filter achieves a stable operating range for resonance
frequencies within (0-fs/3). Liu et al. [26] indicated that delay
is an important factor affecting VF stability, and it mitigates
this issue by configuring the switching frequency and LCL filter
parameters to reduce the delay. Faiz et al. [27] employed several
pole-zero cancellation methods to suppress LCL oscillations.
However, the methods in [25], [26], and [27] remain dependent
on filter parameters, making them difficult to apply to an LC
filter. In contrast, Li et al. [28] proposed a strategy that fully
compensates for VF-induced sampling delays by modifying
the sampling and loading approach, which is independent of
the filter parameters, however, this approach demands a more
expensive controller. in addition, whether the conclusions for

grid-connected LCL systems extend to dual-mode PFC/INV
operation remains unclear.

In conclusion, from the current research status of PFC/INV
stability, most studies on PFC mode focus on ideal conditions;
some consider weak grid with L filter, but few address the effects
of wide variations in Lg. Studies on INV mode mainly address re-
sistive loads, other types of loads are not discussed. Meanwhile,
there is little research exploring the connection and differences
between the stability characteristics of the two modes. This
leaves a significant gap in the understanding of the stability of the
bidirectional mode. To address this issue, this article investigates
two mainstream PFC/INV control strategies reported in the
literature: voltage-current dual-loop control schemes, with and
without VF. Based on these methods, the stability boundaries
across various grid and load conditions are analyzed in detail.

Table I summarizes the current PFC/INV control schemes.
This article classifies the ac-side stability analysis of bidirec-
tional ac–dc converters into two categories. The first involves
issues determined by circuit factors, including filter type and
EMC circuit configuration. The second addresses issues result-
ing from external operating conditions, namely grid impedance
characteristics and ac load types.

The contributions of this work can be summarized as follows.
1) The stability variations of the dual-mode PFC/INV system

under six operating conditions are comprehensively dis-
cussed. It is revealed that under medium-strength grid and
inductive load conditions, the controller tends to encounter
instability.

2) From a common perspective, the instability of both LC-
based methods is due to the uncontrollable ac-side in-
ductance. From a differentiating perspective, instability
without VF results from a second crossing of −180° at
the resonance peak, whereas instability with VF is caused
by excessively large virtual positive resistance or negative
resistance.

3) An improved voltage feedforward (IVF) control strategy
is proposed, which achieves a limited positive resistance
across the entire frequency range, thereby enhancing
stability and enabling implementation on low-cost con-
trollers.

The rest of this article is organized as follows. In Section II,
the stability analysis of the ideal operating conditions in the bidi-
rectional mode is discussed. In Section III, the stability analysis
of the nonideal operating conditions in the bidirectional mode
is presented. In Section IV, the improved voltage feedforward
control strategy is proposed. In Section V, the theoretical analy-
sis is validated through experimental results. Finally, Section VI
concludes this article.

II. STABILITY ANALYSIS OF THE IDEAL OPERATING

CONDITIONS IN BIDIRECTIONAL MODE

This section focuses on the PFC mode under an ideal grid and
the INV mode with a resistive load, discussing their stability
variation characteristics to lay the theoretical foundation for the
subsequent sections.
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TABLE I
SUMMARY AND COMPARISON OF PFC/INV CONTROL STRATEGIES

Fig. 2. Topology and control scheme of bidirectional AC–DC converter.

A. System Description

The topology and control scheme of the bidirectional ac–dc
converter are depicted in Fig. 2. The converter consists of the
ac-side, the ac filter inductor L and capacitor C, switches Q1–Q4,
dc-side filter Cdc, and the bidirectional LLC converter [12]. The
ESR parameters of L, C, and Cdc are neglected to consider the
worst-case scenario under undamped conditions [24].

The operating mode of the ac-side is determined by the
configuration of switches S1 and S2 in conjunction with the
LLC converter. 1© When S1 is closed, S2 is open, and the LLC
converter operates in charging state, the full-bridge converter
operates in PFC mode; 2© When S1 is open, S2 is closed, and
the LLC converter operates in discharging state, the converter
operates in INV mode.

For the purpose of analysis, the following definitions are
made: the ac-side voltage is vac; the dc-side voltage is vdc;
the inductor current is iL; the currents before and after the Cdc

are io and idc; PLL is the phase-locked loop; Gc is the current
loop controller; Gv is the voltage loop controller. The circuit
parameters of the converter are defined in Table II.

B. Equivalent Block Diagram of Bidirectional Mode

Based on Fig. 2, the equivalent block diagrams for the bidi-
rectional mode are derived, as shown in Figs. 3 and 4. In these
diagrams, Z−1 represents the computational delay, Gzoh denotes
the zero-order hold, and Kpwm corresponds to the converter gain,

TABLE II
CIRCUIT PARAMETERS OF PFC/INV CONVERTER

Fig. 3. PFC mode equivalent block diagram. (a) Without simplification.
(b) With simplification. (c) Simplification based on three assumptions.

which equals 1/Vdc. In addition, the red dashed lines in the block
diagrams indicate whether VF is implemented.

The equivalent block diagram of the PFC mode is shown
in Fig. 3(a), and its equivalent transformation is illustrated in
Fig. 3(b). In Fig. 3(c), based on Fig. 3(b), three assumptions are
made to simplify the analysis of the voltage control loop: 1© the
100 Hz ripple in vdc is neglected; 2© the PLL is set to its peak
value of 1; 3© the inductor current iL is approximated as equal
to the output current io.

Fig. 4(a) illustrates the equivalent block diagram of the INV
mode, while Fig. 4(b) shows its transformed equivalent repre-
sentation.

The open-loop transfer functions of the current and voltage
control loops for the two modes, as illustrated in Figs. 3(c) and
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Fig. 4. INV mode equivalent block diagram. (a) Without simplification.
(b) With simplification.

Fig. 5. Unified control block diagram of the current loop. (a) Without simpli-
fication. (b) With simplification.

4(b), are given as follows:

Gid_PFC =
1

sL
(1)

Gid_INV =
1 + sRacC

s2RacLC + sL+Rac
(2)

Gvi_PFC =
Rdc

sRdcCdc + 1
(3)

Gvi_INV =
Rac

sRacC + 1
. (4)

In bidirectional modes, the current loop is regulated by a PI
controller. The voltage loop utilizes a PI controller in the PFC
mode, whereas a PR controller is adopted in the INV mode

Gc = kpc +
kic

s
= kpc +Gic(s) (5)

Gv_PFC = kpv +
kiv

s
= kpv +Giv(s) (6)

Gv_INV = kpv +
2kivωcs

s2 + 2ωcs+ ω0
2
= kpv +Giv(s). (7)

C. Dual-Loop Stability Analysis Method

To facilitate the unified analysis of block diagrams for the
two modes in the following sections, Gid in (1) and (2) is
distinguished by the subscripts PFC and INV. During the block
diagram simplification, they are uniformly denoted as Gid to
represent both modes, as shown in Fig. 5(a).

As shown in Figs. 3(c) and 4(b), VF in bidirectional modes
effectively cancels the disturbance caused by the circuit input
voltage vac. However, in the PFC mode, since VF is treated as
an external input, it has no impact on the stability of the current
loop. In contrast, in the INV mode, iL is directly influenced by
vac through the relationship established by VF, which in turn
affects the stability of the current loop.

Fig. 6. Unified control block diagram of the voltage loop.

To analyze the combined effect of the current loop and VF
the equivalent block diagram of the current loop is extracted and
unified, as illustrated in Fig. 5(a). Its corresponding simplified
representation is depicted in Fig. 5(b). The unified control block
diagram of the voltage loop is presented in Fig. 6.

The closed-loop transfer functions corresponding to Figs. 5(b)
and 6 are given as follows:

Gicl(z) =
(kpc +Gic(z))Gcir(z)

1 + (kpc +Gic(z))Gcir(z)
(8)

Gvcl(z) =
(kpv +Giv(z))Gvir(z)

1 + (kpv +Giv(z))Gvir(z)
(9)

where Gcir(z) and Gvir(z) in the two modes are defined as
follows:

Gcir_PFC(z) = z−1ZZOH(Gid_PFC) (10)

Gcir_INV(z) =
z−1ZZOH(Gid_INV)

1− z−1ZZOH(GidGvi_INV)
(11)

Gvir(z) = Gicl(z)Gvi(z). (12)

When the denominators of (8) and (9) are equal to zero, the
transfer functions for kpc and kpv are derived as follows:

1 + kpc
Gcir(z)

1 +Gic(z)Gcir(z)
= 0 (13)

1 + kpv
Gvir(z)

1 +Giv(z)Gvir(z)
= 0. (14)

D. Stability Analysis of Current Loop

Based on (13), the root locus curves of the current loop in
bidirectional mode are plotted, as shown in Fig. 7(a)–(c). It
can be observed that the stability boundary of the PFC mode
remains consistent across the full load range and is independent
of VF. In the INV mode, the stability boundary under full load is
higher than that under no load, as the increased load attenuates
the LC resonance peak. The inclusion of VF further enhances
the stability boundary. Fig. 7(d) demonstrates that kpc exhibits
integral coefficient kic independence within a certain range.

E. Stability Analysis of Voltage Loop

Based on (14), the root locus curves of the voltage loop in
bidirectional mode are plotted, as shown in Fig. 8(a)–(c). The
voltage loop kpv in bidirectional mode decreases as the current
loop kpc increases, indicating that an increase in kpc leads to a
reduction in the crossover frequency of the voltage loop, thereby
affecting the dynamic response.

Moreover, under the same kpc value, the kpv in PFC mode is
significantly larger than that in INV mode. This is because Cdc

is much greater than C, causing the pole in Gvi_PFC to be located
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Fig. 7. Stability boundaries of the current loop in bidirectional mode. (a) PFC
mode. (b) INV mode without VF. (c) INV mode with VF. (d) Impact of kic.

Fig. 8. Stability boundaries of the voltage loop in bidirectional mode. (a) PFC
mode. (b) INV mode without VF. (c) INV mode with VF. (d) Impact of kiv.

farther from the unit circle boundary. However, in practice, the
kpv in PFC mode cannot reach the values shown in Fig. 8(a),
and the specific reason is discussed in Section III–D. Fig. 8(d)
demonstrates that kpv exhibits independence from the integral
coefficient kiv within a certain range.

F. Summary

Under PFC mode with an ideal grid and INV mode with a
resistive load, both modes exhibit stable stability boundaries,
regardless of whether VF is considered. This explains why both
control methods are commonly adopted in the related literature

Fig. 9. Consider EMC circuits. (a) Topology. (b) Equivalent model.

Fig. 10. Equivalent circuit of a nonideal grid.

[9], [10], [11], [12], [13], [14], [15], [16], [17], [18], [19], [20],
[21], [22], [23].

III. STABILITY ANALYSIS OF THE NONIDEAL OPERATING

CONDITIONS IN BIDIRECTIONAL MODE

Due to complexity of the actual conditions on the ac-side,
even if the controller parameters fall within the range specified
in Section II, high-frequency oscillations in the inductor cur-
rent may still occur. This section discusses the causes of this
phenomenon.

A. Nonideal Operating Conditions

1) EMC Circuit: The EMC circuit is located between the ac-
side and the power circuit, as shown in Fig. 9(a). The EMC circuit
typically consists of common-mode inductors Lcm, common-
mode capacitors Ccm, and differential-mode capacitors Cdm.
Due to the existence of the differential-mode component Ldm

within the common-mode inductor, Ldm, Cdm, and L collectively
form an LCL resonant circuit.

Ldm can be tested using an LCR digital bridge, with the
following range:

Ldm ≈ 10–30 μH. (15)

2) Nonideal Grid: When operating in PFC mode, the non-
ideal grid introduces an equivalent inductor Lg on the ac-side, as
shown in Fig. 10. The value of Lg is defined by the short circuit
ratio (SCR), as described in [19]. The corresponding expression
is given as follows:

Lg =
Vac

2

PoωacSCR
. (16)

Based on (16), when the grid is classified as stiff, medium-
strength, or weak grid, the different values of Lg result in varying
resonant frequencies among Lg, C, and L, thereby affecting the
stability of the controller.

3) Inductive and Capacitive Load: When operating in INV
mode, in addition to the resistive load discussed in Section II, the
loads may also be inductive or capacitive, as shown in Fig. 11.
The differences between these loads and the resistive load affect
the configuration of the LC filter. The inductive load is denoted
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Fig. 11. Equivalent circuit of INV under different loads. (a) Inductive load.
(b) Capacitive load.

Fig. 12. Nonideal circuit and control block diagram of the bidirectional mode.
(a) PFC mode. (b) INV mode.

as Lac, and the capacitive load as Cac. Based on the parameters
in Table II, the values of Lac and Cac from 10% load to 100%
load are as follows:

Lac =
Vac

2

ωacQ
=

2202

314× (300 ∼ 3000)
≈ 510 ∼ 51 mH (17)

Cac =
Q

ωacVac
2 =

(300 ∼ 3000)

314× 2202
≈ 19.7 ∼ 197 μF. (18)

B. Nonideal Bidirectional Mode Equivalent Block Diagram

In PFC mode, Lx is defined as the sum of Lg and Ldm; in INV
mode, Zac represents either a resistive Rac, an inductive load
Lac, or a capacitive load Cac. The nonideal block diagram for
the bidirectional mode is shown in Fig. 12. The key difference
from the ideal equivalent block diagram in Section II–B is that
Lx and Zac modify the transfer function of the current inner
loop. Additionally, in PFC mode, VF is no longer treated as
an independent voltage source but is introduced into the circuit
model as a feedback quantity. As a result, VF in both modes
influences the stability of the current inner loop.

The equivalent transformation of the block diagram is shown
in Fig. 13, with its components represented by

Gid_PFC =
LxCs2 + 1

LLxCs3 + (L+ Lx) s
(19)

Gvc_PFC = Lx/(LLxCs2 + L+ Lx) (20)

Gid_INV = 1/(LLxCs3 + (LCZac)s
2 + (L+ Lx) s+ Zac)

(21)

Gic_INV = (sLx + Zac)/(LxCs2 + CZacs+ 1) (22)

Gii_INV = LxCs2 + CZacs+ 1 (23)

Gvi_INV = Zac. (24)

Fig. 13. Simplified nonideal block diagram (a) PFC mode. (b) INV mode.

Fig. 14. Bode plot of the current loop under nonideal conditions. (a) PFC
mode. (b) INV mode.

Based on (8), (19) and (21)–(23), the bode plots of the current
loop are shown in Fig. 14. The resonance frequency of the LCL
filter is defined as fr, the expression is as follows:

fr =
√

(L+ Lx)/(L+ Lx + C). (25)

When operating in PFC mode, compared to the ideal condi-
tions, the current loop exhibits a resonance peak, and the position
of the resonance peak changes with different values of Lx. When
Lx = 15 μH, fr is higher than fs/2. As Lx increases, when Lx =
100μH, fr.is between fs/6 and fs/2. As Lx increases further, when
Lx = 5 mH, fr is lower than fs/6. When operating in INV mode,
due to the larger value of Lac and Cac, fr. is either lower than
fs/6 or higher than fs/2. From the resonance peak positions in
bidirectional modes, it can be observed that in the range of fs/6
to fs/2, the resonance peak is likely to cause a second crossover,
leading to instability.

C. Stability Analysis of Current Loop

Based on Fig. 5(b), the circuit transfer functions under non-
ideal bidirectional mode are given by (26) and (27). By setting
Gvc_PFC or Gic_INV to zero and substituting the result into (13),
the root locus curves with and without VF can be obtained

Gcir_PFC(z) =
z−1ZZOH(Gid_PFC)

1− z−1ZZOH(Gvc_PFC)
(26)

Gcir_INV(z) =
z−1ZZOH(Gid_INVGii_INV)

1− z−1ZZOH(Gid_INVGii_INVGic_INV)
. (27)

1) PFC Mode: The current loop stability boundaries, ac-
counting for the Ldm, are shown in Fig. 15(a)–(b). Under both
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Fig. 15. Stability boundaries of the current loop in PFC mode. (a) Stiff grid
without VF. (b) Stiff grid with VF. (c) Medium-strength grid without VF.
(d) Medium-strength grid with VF. (e) Weak grid without VF. (f) Weak grid
with VF.

conditions (with and without VF), compared to the ideal case,
an additional pair of conjugate poles appears near the unit circle.
However, these poles remain within the unit circle and do not
compromise system stability.

The current loop stability boundaries, considering the grid-
side inductor Lg, are shown in Fig. 15(c)–(f). When Lx =
100 μH, the conjugate poles lie outside the unit circle regardless
of the presence of VF, resulting in current loop instability.
When Lx = 1 mH, the system exhibits a stability boundary;
however, this boundary is extremely close to the unit circle,
making practical parameter selection difficult. After the in-
troduction of VF control, the stability boundary is improved
and moves further away from the unit circle. When Lx =
5 mH and 10 mH the system remains stable with or with-
out VF, and the presence of VF further enlarges the stability
boundary.

2) INV Mode: When operating with a resistive load, as shown
in Fig. 16(a) and (b), the stability boundary aligns with the ideal
case, indicating that Ldm does not affect system stability. For
an inductive load, as shown in Fig. 16(c) and (d), the boundary
without VF lies close to the unit circle, while the inclusion of VF
improves stability. For a capacitive load, as shown in Fig. 16(e)
and (f), a wide stability region exists regardless of whether VF
is applied.

Fig. 16. Stability boundaries of the current loop in INV mode. (a) Zac = Rac

without VF. (b) Zac = Rac with VF. (c) Zac = Lac without VF. (d) Zac = Lac

with VF. (e) Zac = Cac without VF. (f) Zac = Cac with VF.

D. Stability Analysis of Voltage Loop

1) PFC Mode: When kpc = 10, the root locus curves of the
voltage loop for different values of Lx are plotted, illustrating
the variation in the voltage loop stability boundary kpv. It can be
observed that the stability trend of the voltage loop with respect
to changes in Lx is consistent with that of the current loop.

According to [20], the crossover frequency of the voltage loop
in PFC mode should be set below 20 Hz, as an excessively high
crossover frequency may allow the 100 Hz ripple to interfere
with normal circuit operation. Taking stiff grid PFC as an
example, the open-loop bode plot of the voltage loop is shown
in Fig. 17. It can be seen that only by simultaneously reducing
both kiv can the crossover frequency be lowered to 10–20 Hz,
which is significantly lower than the stability boundary values
shown in Fig. 18. Therefore, under these conditions, the impact
of the three simplifying assumptions made for the voltage loop in
Section II can be considered negligible. To further increase kpv,
it is necessary to eliminate the influence of the 100 Hz ripple.
This issue has been discussed in [26], and remains a valuable
research topic.

2) INV Mode: As shown in Fig. 19, when Zac = Rac, the
voltage loop stability boundary without VF is close to the unit
circle, whereas including VF enhances the stability boundary.
Additionally, the 100% load condition exhibits a larger stability
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Fig. 17. Voltage open-loop bode plots in PFC mode. (a) Impact of the kpv.
(b) Impact of the kpi.

Fig. 18. Stability boundaries of the voltage loop in PFC mode. (a) Without
VF. (b) With VF.

Fig. 19. Stability boundaries of the voltage loop in INV mode with resistive
load. (a), (b) 0% resistive load. (c), (d) 100% resistive load.

region compared to the 0% load condition, as the 100% resistive
load provides stronger damping of the resonance peak.

As shown in Fig. 20, when Zac = Lac, the stability boundary
from 10% to 100% load remains relatively low without VF,
resembling that of the 0% resistive load case. Therefore, under
inductive load conditions, the system may encounter stability

Fig. 20. Stability boundaries of the voltage loop in INV mode with inductive
load. (a) Without VF. (b) With VF.

Fig. 21. Stability boundaries of the voltage loop in INV mode with capacitive
load. (a), (b) 10% capacitive load. (c), (d) 100% capacitive load.

issues in the absence of VF. When VF is included, the stability
boundary improves significantly.

As shown in Fig. 21, when Zac = Cac, the capacitive load
exhibits a wide stability boundary regardless of whether VF is
applied. This is because Cac lowers the resonance frequency
of the LC filter and increases the phase margin (PM), which is
consistent with the analysis in Fig. 14(b).

E. Effect of the Integral Parameters Kic and Kiv

Sections II-C and II-D clarify that kic and kiv have no impact
on the stability boundary under ideal conditions. Under nonideal
conditions, the influences of kic and kiv are illustrated in Fig. 22.
It can be observed that under several nonideal conditions, the
current loop integral parameter kic and the voltage loop integral
parameter kiv also exhibit integral-independence within a certain
range.

Based on (8), the bode plots of the closed-loop transfer func-
tion for the current loop in PFC mode are illustrated in Fig. 23.
Without VF, increasing kic enhances the tracking performance
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Fig. 22. (a) Impact of kic. (b) Impact of kiv.

Fig. 23. Bode plots of current close-loop in PFC mode. (a) Without VF.
(b) With VF.

Fig. 24. Unit step response in INV mode. (a) Current loop. (b) Voltage loop.

at 50 Hz; therefore, the turning point at which the stability
boundary becomes independent of kic can be used to select its
optimal value. In contrast, with VF, the impact of kic on tracking
performance is minimal, as VF dominates the output duty cycle.
Hence, kic should be minimized to avoid excessively large values
that may cause interference between the current loop and VF
control.

F. Dynamic Response

Once the stability boundaries of the voltage and current loops
are determined, their dynamic performance should also be eval-
uated. As an example, Fig. 24 shows the unit step responses
of the current and voltage loops in INV mode with a 100%
resistive load, derived from (8) and (9). With kpc = 10 and kpv =
0.03, the system incorporating VF exhibits a faster step response,
indicating improved dynamic performance.

Fig. 25. Influence of Lx on the stability boundary of the PFC/INV mode.
(a) PFC mode. (b) INV mode with resistive load. (c) INV mode with inductive
load. (d) INV mode with capacitive load.

IV. PROPOSED IMPROVED VOLTAGE FEEDFORWARD

CONTROL STRATEGY

A. Controllable AC-Side Inductance

According to the analysis in Section III, Lx in PFC mode varies
from 15 μH to 10 mH. Previous discussions only considered
several typical values, which do not fully reflect the influence of
Lx on system stability. Therefore, Fig. 25(a) shows the stability
boundary as Lx varies within this range. An unstable region ap-
pears regardless of the presence of VF. Setting the minimum Lx

above the instability threshold can effectively avoid instability,
providing a practical hardware-based solution.

The impact of this approach in INV mode is also evalu-
ated. Fig. 25(c) and (d) shows the current innerloop stability
boundaries for three load types as Lx changes. When Zac =
Rac, the stability boundary first decreases and then stabilizes
with increasing Lx. When Zac = Lac, the boundary remains
unchanged since increasing Lx is equivalent to a larger inductive
load. When Zac = Cac, the trend is similar to that in PFC mode,
as the capacitive load resembles a stable voltage source.

B. Improved Voltage Feedforward Control Strategy

Although increasing the Lx can improve stability, it also raises
the volume, cost, and losses. Therefore, this section proposes an
improved VF method to enhance stability without additional
hardware.

1) Stability Analysis of VF Control: As analyzed in Sec-
tion III, even with the inclusion of VF, regions of instability
still exist, and the root locus method is unable to identify the
underlying causes of instability. Therefore, the first step is to
discuss the reasons why VF improves the stability boundary. For
ease of analysis, the discrete-domain equivalent block diagram
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Fig. 26. PFC continuous-domain equivalent block diagram.

Fig. 27. (a) Circuit model of capacitor in parallel with resistor Rc. (b) Influence
of Rc on the resonance peak of the LCL filter.

in Fig. 13(a) is modified into a continuous-domain equivalent
block diagram, as shown in Fig. 26.

In Fig. 26, Gd is used to replace Z−1 and Gzoh, and its
expression is given by

Gd = e−1.5sTs . (28)

The current open-loop transfer function in Fig. 26 is

Gcir_PFC(s) =
LxCs2 + 1

LLxCs3 −GdLxs+ (L+ Lx) s
. (29)

When passive damping is implemented using a capacitor
connected in parallel with a resistor Rc, the equivalent circuit
is shown in Fig. 27(a), and its open-loop transfer function is
given as follows:

GLCL =
LxCs2 + (Lx/Rc)s+ 1

LLxCs3 + LLxs2/Rc + (L+ Lx)s
. (30)

Based on (30), the bode plot is shown in Fig. 27(b). It can be
observed that as Rc decreases, the resonance peak is attenuated
and the stability margin increases.

By comparing the denominators of (29) and (30), it can be
derived that

Rc = −sLe1.5sTs . (31)

Let s = jω, and substitute into (31), then Rc expressed as

Rc(jω) = ωL(sin(1.5ωTs)− j cos(1.5ωTs)) = Req//Xeq.
(32)

The real part Req and the imaginary part Xeq of the virtual
impedance Rc can be expressed as

Req = ωL/ sin(1.5ωTs)
Xeq = −jωL/ cos(1.5ωTs).

(33)

Therefore, the VF control can be constructed in the form of
a capacitive parallel virtual impedance, as shown in Fig. 28(a).
By combining C and Xeq, the total imaginary part Xeq1 can be
obtained.

Fig. 28. Equivalent circuit of virtual impedance. (a) Virtual impedance in
parallel with C. (b) Combination of the imaginary part of the virtual impedance
with C.

Fig. 29. Relationship between virtual impedance and frequency. (a) Req.
(b) Xeq1.

Fig. 30. Impact of control delay Td on virtual resistance Req.

The Xeq in (32) can be modified as

Xeq1 = C//(−jωL/ cos(1.5ωTs)). (34)

Based on (33) and (34), the curves of Req and Xeq1 are
plotted as shown in Fig. 29. The range of the horizontal axis
is determined based on (25). When Lx = 15 μH, the frmax is
approximately 15 kHz. Therefore, setting the horizontal axis
range to 0–20 kHz allows for a comprehensive observation of
the impact of Lx variation on the virtual impedance.

As shown in Fig. 29(a), Req exhibits positive resistance in the
ranges of 0 to fs/3 and 2fs/3 to frmax while negative resistance
is observed between fs/3 and 2fs/3. As depicted in Fig. 29(b),
Xeq1 exhibits capacitive reactance between 0 and frmax, and it
can only transform into inductive reactance when C is small.
Therefore, the imaginary part Xeq1 does not affect stability. The
characteristics of Req between fs/3 and 2fs/3 are the main cause
of controller instability.

2) Implementation of the IVF Method: In order to prevent
Req approaching infinity at fs/3 and exhibiting negative resis-
tance between fs/3 and 2fs/3, the influence of the delay in (33)
needs to be reduced. By defining the 1.5 times delay in (33) as
Td, the variation curves of Req for different values of Td can be
plotted, as shown in Fig. 30. It can be observed that as the Td

decreases, Req exhibits finite positive resistance across a broader



WU et al.: AC-SIDE STABILITY ANALYSIS OF ON-BOARD BIDIRECTIONAL AC–DC CONVERTERS IN G2V/V2L MODES 6593

Fig. 31. Dual sampling and dual loading configuration.

Fig. 32. Block diagram transformation process for delay reduction. (a) Feed-
forward delay-compensation stage before improvement. (b) Delay reduction
using the method shown in Fig. 31. (c) Insertion of a lead-compensation stage.
(d) Improved feedforward delay-compensation stage.

frequency range. When the Td is reduced to below 0.5Ts, Req

shows finite positive resistance throughout the fs range.
To achieve a sampling delay within 0.5Ts, it is necessary to

modify the sampling method. As shown in Fig. 31, the method
of one sample and one load per switching cycle is modified to
two samples and two loads per switching cycle. In this case,
the delay of the VF is reduced from the initial 1.5 sampling
periods to 0.75Ts, as seen in the transition from Fig. 32(a) to
(b). Subsequently, a lead element of 0.5Ts is introduced [27], as
shown in Fig. 32(c), which further reduces the overall delay to
0.25Ts, as shown in Fig. 32(d).

The lead-control part in Fig. 32(c) can be expanded using the
Taylor series as follows:

esTs/2 = 1 + s
Ts

2
+

1

2

(
s
Ts

2

)2

+ · · ·. (35)

The first three terms are retained and discretized using the
backward difference method. This equation serves as the key

Fig. 33. Simulation verification under different delay conditions. (a) Td =
1.5Ts. (b) Td = 0.25Ts.

Fig. 34. Impact of LC tolerance on stability boundary.

equation for implementation in the DSP controller

esTs/2 =
(
2.5− 2z−0.5 + 0.5z−1

)
. (36)

3) Simulation Verification of the INF Method: After delay
compensation, due to the presence of two discrete sampling
times (Ts and 0.25Ts) in the system, the discrete-domain root
locus cannot be plotted. Therefore, this section employs PLECS
simulations to verify the improvement in the stability of the PFC
mode between fs/3 and 2fs/3.

Fig. 33 shows the simulation waveforms for Lx = 100 μH
under conditions without and with delay compensation, respec-
tively. It can be observed that the system remains unstable for
all values of kpc without compensation, whereas stability is
achieved when kpc is extended to kpc = 19 with IVF, thereby
confirming the accuracy of the theoretical analysis.

C. Impact of Parameters

1) LC Parameter Tolerance: This section considers the im-
pact of a 10% parameter tolerance on the stability boundary.
In an extreme case where both L and C are reduced by 10%,
the variation in stability boundaries under different operating
conditions is plotted, as shown in Fig. 34. Compared to the case
without parameter tolerance, the proposed IVF method exhibits
some degradation in stability margins. However, it still maintains
a relatively wide stable region across all operating conditions.

2) Switching Frequency fs: Under constant LC parameters,
the influence of varying fs on Req is illustrated in Fig. 35. As
shown in Fig. 35(a), when Td = 1.5Ts, various values of fs
demonstrate stable positive resistance intervals within the range
of 0 to fs/3. At lower switching frequencies, multiple positive
and negative resistance intervals occur within the range of 0 to
frmax. When Td = 0.25Ts, as illustrated in Fig. 35(b), limited
intervals of positive resistance are observed for fs in the range
from 10 kHz to 20 kHz. However, when fs is further reduced,
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TABLE III
STABILITY BOUNDARY OF THE PFC MODE

TABLE IV
STABILITY BOUNDARY OF THE INV MODE

Fig. 35. Relationship between stability boundary kpc and switching frequency
fs. (a) Td = 1.5Ts. (b) Td = 0.25Ts.

intervals of negative resistance also appear within the range of 0
to frmax. By setting the denominator of Req in (33) equal to zero,
the critical minimum fs required to maintain limited positive
resistance can be determined as 7.5 kHz.

D. Voltage and Current Dual-Loop Parameter Design Method

Tables III and IV summarize the changes in the stability
boundaries of the traditional and improved control methods
in bidirectional mode, clearly demonstrating the improvement
in stability boundaries with the IVF method. These tables can
serve as a reference for the design of voltage and current loop
parameters.

Step 1 (Design LC filter): The LC filter parameters are de-
signed considering the constraints on the inductor current ripple
and the reactive power handled by the filter capacitor

0.81 mH =
Vac

4ΔImax2fs
≤ L ≤ 5%Vac

ωac(Po/Vac)
= 2.56 mH

(37)

1.87 μF =
1

(2πfn)
2L

≤ C ≤ 5%IL
ωacVac

= 9.87 μF (38)

where fn is the cutoff frequency, IL is the rms value of the
inductor current.

Fig. 36. Bode plots of current open-loop in PFC mode.

Step 2 (Determination of the Current Loop Boundary kpc): As
indicated in Tables III and IV, the medium-strength grid condi-
tion in bidirectional mode represents the worst-case scenario.
Therefore, based on (13), the root locus under this condition
is plotted in Fig. 15(d), from which the boundary value of the
current loop gain is determined as kpc = 17.

Step 3 (Determination of kic All Operating Conditions): Based
on the analysis in Section III–E, a smaller value of kic is selected
under VF control. In this article, kic = 10 is adopted.

Step 4 (Determination of kpc for All Operating Conditions):
Based on the denominator of (25), open-loop bode plots are
generated for various values of kpc by gradually decreasing its
value, as shown in Fig. 36. A suitable kpc is selected such that
the gain margin exceeds 5 dB and the PM exceeds 30°.In this
article, kpc = 10 is adopted.

Step 5 (Determine kpv and kiv in PFC Mode): In PFC mode,
the voltage loop bandwidth is significantly limited by the 100 Hz
ripple. Therefore, the voltage loop parameters kpv and kiv are
calculated according to a target bandwidth of 10–20 Hz to ensure
stability [24]. In this article, the selected parameters are kpv =
0.213 and kiv = 7.55.

Step 6 (Determine kpv and kiv in INV Mode): The key dif-
ference between the voltage loop in INV mode and that in PFC
mode is the absence of the 100 Hz ripple limitation. Therefore,
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Fig. 37. (a) Experimental test platform. (b) Prototype of PFC/INV converter.

TABLE V
PARAMETERS OF THE DOUBLE-LOOP CONTROLLER IN THE EXPERIMENT

by repeating Steps 2 and 4, the voltage loop gain kpv for INV
mode is determined to be 0.06. Since kiv is related to the 50 Hz
tracking performance, it is adjusted experimentally based on
Fig. 23(b). In this article, kiv = 100 is selected.

Step 7 (DSP Sampling and Computation Configuration): The
sampling and loading configurations in the DSP are set accord-
ing to Fig. 31.

Step 8 (IVF Discretization): The computation of IVF in the
DSP controller is implemented based on (36).

V. EXPERIMENTAL VERIFICATIONS

To verify the correctness of the theoretical analysis, an
experimental platform for a bidirectional ac–dc converter is
established, as shown in Fig. 37. The controller used is the
TMS320F28035 with a main clock frequency of 60 MHz.
Table V summarizes the parameters designed in Section IV–D
for experimental validation. It should be noted that the cur-
rent loop parameters listed in the table must be divided by
the gain Kpwm when applied in the DSP to match the circuit
implementation.

A. PFC Experimental Waveforms

Fig. 38 shows the experimental waveforms of the PFC mode
under stiff grid conditions. Fig. 38(a) verifies the accuracy
of the stability boundary. Fig. 38(b)–(d) indicates that stable
steady-state waveforms are achieved with all three methods
under the parameters listed in Table V. Among these, the method
without VF exhibits phase deviation, which is caused by the grid
voltage vac.

Fig. 39 shows the experimental waveforms of the PFC mode
under medium-strength grid, the method with VF becomes un-
stable and triggers protection immediately after the completion
of soft start. In contrast, the IVF method remains stable from
startup to 100% load, thereby verifying the instability region of
the VF method shown in Fig. 25(a).

Fig. 40 shows the experimental waveforms of the PFC mode
under weak grid conditions. Fig. 40(a) verifies the accuracy

Fig. 38. PFC experimental results under stiff grid conditions. (a) Stability
boundary verification. (b) Without VF. (c) With VF. (d) With IVF.

Fig. 39. PFC experimental results under medium-strength grid conditions.
(a), (b) With VF. (c), (d) With IVF.

Fig. 40. PFC experimental results under weak grid conditions. (a) Stability
boundary verification. (b) Without VF. (c) With VF. (d) With IVF.
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Fig. 41. INV stability boundary verification. (a) Light load. (b) 100% load.

of the stability boundary. Fig. 40(b)–(d) indicates that, under
the parameters given in Table V, the method without VF loses
stability, whereas both VF and IVF maintain stable steady-state
waveforms.

B. INV Experimental Waveforms

To validate the stability boundary of the INV mode, the case
with VF is analyzed. Based on Table IV, the parameters are
selected as kpc = boundary value −1 and kpv = 0.02 (corre-
sponding to the 0% resistive load). As shown in Fig. 41, under
all three load conditions, the inductor current waveforms exhibit
critical oscillations, confirming the accuracy of the stability
boundary.

Fig. 42 shows the experimental waveforms under resistive,
inductive, and capacitive load conditions, respectively. Based
on the parameters in Table V, all three methods demonstrate
stable experimental waveforms. Fig. 43 presents the steady-state
waveforms considering a 10% tolerance in the LC parameters. It
can be observed that, under the parameter settings in Table V, the
method without VF becomes unstable under inductive load con-
ditions, whereas both VF and IVF still maintain stable operating
regions.

C. Discussion on the Proposed IVF in Reducing THD

After completing all experimental analyses, it can be observed
from Figs. 38–42 that the THD of IVF is higher than that of
VF. This also validates the analysis presented in Fig. 30, where
reducing the delay improves stability across the entire frequency
range but comes at the cost of reducing the virtual resistance Req

in the low-frequency region, thereby weakening the suppression
capability of resonance peaks over the full frequency spectrum.

D. Dynamic Response Experimental Validation

Fig. 44 shows the transient waveforms of the two modes
from 0% load to 100% load. As observed in Fig. 44(a), the
voltage loop bandwidth in PFC mode is limited by the 100 Hz
ripple, resulting in similar voltage loop dynamic response times
for both methods. In terms of the current loop, IVF exhibits a
faster dynamic response compared to the method without VF.
Moreover, due to interference from the grid voltage, the 0% load
loss is higher in the case without VF than with IVF.

Fig. 42. INV mode experimental results under three load conditions.
(a) Resistive load. (b) Inductive load. (c) Capacitive load.

Fig. 43. Impact of 10% parameter tolerance on the three methods in INV
mode.

Fig. 44. Dynamic response experimental validation. (a) PFC mode with stiff
grid. (b) INV mode with resistive load.
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TABLE VI
COMPARISONS OF DIFFERENT VF METHODS

In INV mode, since the voltage loop is not affected by the
100 Hz ripple, both methods exhibit significantly improved dy-
namic responses. Nevertheless, the IVF method still outperforms
the method without VF in terms of response speed.

E. Comparison of VF Methods

Table VI compares the proposed IVF method with other IVF
approaches. The proposed IVF method offers the advantages
of resonance-parameter independence and suitability for imple-
mentation on low-cost controllers, in comparison with existing
approaches.

VI. CONCLUSION

Based on two conventional control methods (without VF and
with VF), this article comprehensively summarizes the stability
variations on the ac-side of a bidirectional ac–dc converter under
six operating conditions. The results show that both methods
lose stability under medium-strength grid conditions, and the
method without VF may also lose stability under inductive
load conditions. An improved VF control strategy is proposed,
which enables the converter to achieve superior stability and
dynamic performance across all bidirectional operating condi-
tions. Moreover, compared to the VF method, although the IVF
method enhances stability, it results in a higher THD, which is
a drawback of this approach.

REFERENCES

[1] X. Zhou et al., “A high-efficiency high-power-density on-board low-
voltage DC–DC converter for electric vehicles application,” IEEE Trans.
Power Electron., vol. 36, no. 11, pp. 12781–12794, Nov. 2021.

[2] Y. Yavuz and Ö. C. Kivanç, “Optimization of a cluster-based energy
management system using deep reinforcement learning without affecting
prosumer comfort: V2X technologies and peer-to-peer energy trading,”
IEEE Access, vol. 12, pp. 31551–31575, 2024.

[3] C. Zheng, W. Li, and Q. Liang, “An energy management strategy
of hybrid energy storage systems for electric vehicle applications,”
IEEE Trans. Sustain. Energy, vol. 9, no. 4, pp. 1880–1888, Oct.
2018.

[4] H. Wouters and W. Martinez, “Bidirectional onboard chargers for electric
vehicles: State-of-the-art and future trends,” IEEE Trans. Power Electron.,
vol. 39, no. 1, pp. 693–716, Jan. 2024.

[5] X. Yin, J. Wu, F. Li, L. Gao, J. Deng, and F. Meng, “Topology and coor-
dinated operation control strategy of vehicle-mounted multienergy energy
router,” IEEE Trans. Transp. Electrific., vol. 11, no. 2, pp. 6788–6798,
Apr. 2025.

[6] U. P. Yagnik and M. D. Solanki, “Comparison of L, LC and LCL filter for
grid-connected converter,” in Proc. Int. Conf. Trends Electron. Inform.,
2017, pp. 455–458.

[7] J. W. T. Fan, R. S. C. Yeung, and H. S. H. Chung, “Optimized hy-
brid PWM scheme for mitigating zero-crossing distortion in totem-pole
bridgeless PFC,” in Proc. IEEE Appl. Power Electron. Conf. Expo., 2018,
pp. 2048–2053.

[8] C. Zhang, K. Qu, B. Hu, J. Wang, X. Yin, and Z. J. Shen, “A high
frequency dynamically coordinated hybrid Si/SiC interleaved CCM totem-
pole bridgeless PFC converter,” IEEE J. Emerg. Sel. Topics Power Elec-
tron., vol. 10, no. 2, pp. 2088–2100, Apr. 2022.

[9] M. Su et al., “A natural bidirectional isolated single-phase AC/DC con-
verter with wide output voltage range for aging test application in electric
vehicle,” IEEE J. Emerg. Sel. Topics Power Electron., vol. 9, no. 3,
pp. 3489–3500, Jun. 2021.

[10] T. Zheng et al., “Power control for household energy storage inverter with
smooth mode transition,” IEEE J. Emerg. Sel. Topics Power Electron.,
vol. 12, no. 5, pp. 4352–4360, Oct. 2024.

[11] S. Wang et al., “Multifunction capability of SiC bidirectional portable
chargers for electric vehicles,” IEEE J. Emerg. Sel. Topics Power Electron.,
vol. 9, no. 5, pp. 6184–6195, Oct. 2021.

[12] H. Li, Z. Zhang, S. Wang, J. Tang, X. Ren, and Q. Chen, “A 300-kHz 6.6-
kW SiC bidirectional LLC onboard charger,” IEEE Trans. Ind. Electron.,
vol. 67, no. 2, pp. 1435–1445, Feb. 2020.

[13] U. Sharma and B. Singh, “A bidirectional onboard charger with multistep
constant current charging capability,” IEEE Trans. Transp. Electrific.,
vol. 9, no. 1, pp. 1227–1237, Mar. 2023.

[14] M. Kwon and S. Choi, “An electrolytic capacitorless bidirectional EV
charger for V2G and V2H applications,” IEEE Trans. Power Electron.,
vol. 32, no. 9, pp. 6792–6799, Sep. 2017.

[15] Y. Bi et al., “Modified deadbeat predictive current control method for
single-phase AC-DC PFC converter in EV charging system,” IEEE Trans.
Ind. Electron., vol. 70, no. 1, pp. 286–297, Jan. 2023.

[16] P. Wang, Y. Bi, F. Gao, T. Song, and Y. Zhang, “An improved deadbeat con-
trol method for single-phase PWM rectifiers in charging system for EVs,”
IEEE Trans. Veh. Technol., vol. 68, no. 10, pp. 9672–9681, Oct. 2019.

[17] F. Toso, A. Favato, R. Torchio, P. Alotto, and S. Bolognani, “Continuous
control set model predictive current control of a microgrid-connected
PWM inverter,” IEEE Trans. Power Syst., vol. 36, no. 1, pp. 415–425,
Jan. 2021.

[18] B. Li et al., “Input voltage feedforward active damping-based input current
harmonic suppression method for totem-pole bridgeless PFC converter,”
IEEE J. Emerg. Sel. Topics Power Electron., vol. 11, no. 1, pp. 602–614,
Feb. 2023.

[19] L. Wang, J. Xiao, P. Bauer, and Z. Qin, “Analytic design of an EV charger
controller for weak grid connection,” IEEE Trans. Ind. Electron., vol. 67,
no. 2, pp. 15268–15279, Dec. 2024.

[20] Q. Lin, B. Wen, R. Burgos, X. Li, Q. Wang, and X. Li, “Input impedance
modeling and experimental validation of a single-phase PFC in the D-
Q frame,” IEEE J. Emerg. Sel. Topics Power Electron., vol. 10, no. 6,
pp. 7371–7384, Dec. 2022.

[21] Q. Lin, B. Wen, R. Burgos, X. Li, Q. Wang, and X. Li, “D-Q impedance
modeling and stability analysis of a three-phase four-wire system with
single-phase loads,” IEEE Trans. Power Electron., vol. 38, no. 9,
pp. 11169–11182, Sep. 2023.

[22] Y. Geng, Y. Yun, R. Chen, K. Wang, H. Bai, and X. Wu, “Parameters de-
sign and optimization for LC-type off-grid inverters with inductor-current
feedback active damping,” IEEE Trans. Power Electron., vol. 33, no. 1,
pp. 703–715, Jan. 2018.

[23] P. M. Fernández-Abraldes, D. Ríos-Castro, D. Pérez-Estévez, and J.
Doval-Gandoy, “New stability region for the single-loop AC-voltage
control in LC-filtered VSIs and its improvement by means of voltage
decoupling,” IEEE Trans. Power Electron., vol. 40, no. 4, pp. 4668–4684,
Apr. 2025.

[24] W. Chen, Y. Zhang, Y. Tu, Y. Guan, K. Shen, and J. Liu, “Unified active
damping strategy based on generalized virtual impedance in LCL-type
grid-connected inverter,” IEEE Trans. Ind. Electron., vol. 70, no. 8,
pp. 8129–8139, Aug. 2023.

[25] M. Lu, X. Wang, F. Blaabjerg, and S. M. Muyeen, “Grid-voltage feedfor-
ward active damping for grid-connected inverter with LCL filter,” in Proc.
IEEE Appl. Power Electron. Conf. Expo., 2016, pp. 1941–1946.



6598 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 41, NO. 4, APRIL 2026

[26] B. Liu, Q. Wei, C. Zou, and S. Duan, “Stability Analysis of LCL-type
grid-connected inverter under single-loop inverter-side current control
with capacitor voltage feedforward,” IEEE Trans. Ind. Inform., vol. 14,
no. 2, pp. 691–702, Feb. 2018.

[27] M. T. Faiz et al., “Capacitor voltage damping based on parallel feedforward
compensation method for LCL-filter grid-connected inverter,” IEEE Trans.
Ind. Appl., vol. 56, no. 1, pp. 837–849, Jan./Feb. 2020.

[28] X. Li, J. Fang, Y. Tang, X. Wu, and Y. Geng, “Capacitor-voltage feed-
forward with full delay compensation to improve weak grids adaptability
of LCL-filtered grid-connected converters for distributed generation sys-
tems,” IEEE Trans. Power Electron., vol. 33, no. 1, pp. 749–764, Jan. 2018.

[29] J. Xu, Q. Qian, S. Xie, and B. Zhang, “Grid-voltage feedforward based
control for grid-connected LCL-filtered inverter with high robustness and
low grid current distortion in weak grid,” in Proc. IEEE Appl. Power
Electron. Conf. Expo., 2016, pp. 1919–1925.

[30] M. Lu, X. Wang, F. Blaabjerg, and S. M. Muyeen, “Grid-voltage feedfor-
ward active damping for grid-connected inverter with LCL filter,” in Proc.
IEEE Appl. Power Electron. Conf. Expo., 2016, pp. 1941–1946.

[31] S. Taghizadeh, M. Karimi-Ghartemani, M. J. Hossain, and J. Lu, “A
fast and robust DC-bus voltage control method for single-phase voltage-
source DC/AC converters,” IEEE Trans. Power Electron., vol. 34, no. 9,
pp. 9202–9212, Sep. 2019.

[32] L. Zhou et al., “Inverter-current-feedback resonance-suppression method
for LCL-type DG system to reduce resonance-frequency offset and
grid-inductance effect,” IEEE Trans. Ind. Electron., vol. 65, no. 9,
pp. 7036–7048, Sep. 2018.

Jinmeng Wu (Graduate Student Member, IEEE)
received the B.S. degree in electrical engineering
from Harbin University of Science and Technology,
Harbin, China, in 2018, and the M.S. degree in elec-
trical power engineering from Taiyuan University of
Technology, Taiyuan, China, in 2021. He is currently
working toward the Ph.D. degree in electrical engi-
neering with Harbin Institute of Technology, Harbin,
China.

His research interests include bidirectional ac–
dc converters, and multistage converter stability
analysis.

Shengren Yong received the B.S. degree in electrical
engineering from Northeast Agricultural University,
Harbin, China, in 2023. He is currently working to-
ward the M.S. degree in electrical engineering with
Harbin Institute of Technology, Harbin, China.

His current research interests include the design
methods and control strategies of bidirectional dc–dc
converters and high-efficiency power.

Yuan Shu received the B.S. degree in electrical engi-
neering from Harbin Institute of Technology, Harbin,
China, in 2021. He is currently working toward the
M.S. degree in electrical engineering with the Harbin
Institute of Technology, Weihai, China.

His current research interests include active power
factor correction, rectifiers, and resonant converters.

Lei Gao received the B.S., M.S., and Ph.D. degrees
in electrical engineering from Harbin Institute of
Technology, Harbin, China, in 2005, 2007, and 2012,
respectively.

Since 2012, she has been an Assistant Professor
with the Harbin Institute of Technology, Weihai,
China. Her current research interests include power
electronics and motor drives.

Fangang Meng (Member, IEEE) received the B.S.
degree in thermal energy and power engineering, and
the M.S. and Ph.D. degrees in electrical engineering
from Harbin Institute of Technology, Harbin, China,
in 2005, 2007, and 2011, respectively,.

Since 2020, he has been a Professor with the Harbin
Institute of Technology, Weihai, China. His research
interests include harmonic detection, stability analy-
sis of converter, and high-power rectifier.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


