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Abstract

This study delves into the design and optimization of a 4 kW dual-excitation inductive
power transfer system designed to accommodate large misalignments. The system utilizes
a bipolar-solenoid inductive coupled transformer as its coupling mechanism. Detailed sim-
ulation and analysis of this coupling mechanism are conducted. Additionally, the system
employs a control strategy aimed at optimizing the coordination between output power
and efficiency. This control strategy dynamically adjusts the power of the two transmitters,
aiming to enhance system efficiency to the maximum extent possible under favourable
coupling conditions. Moreover, it ensures that the system’s output power remains at or
above the rated value even when coupling conditions deteriorate. During the experiment,
the system can optimize the output power and efficiency at the same time by using a suit-
able control strategy when the coils are misaligned. Meanwhile, the system can achieve a
minimum efficiency of 81.5% even when the misalignment distance reaches 300 mm (60%
of per transmitting coil size). The system and control strategy proposed in this paper can
effectively overcome the deterioration of the output characteristics of the wireless power
transfer system when misalignment occurs.

1 INTRODUCTION

Wireless power transmission (WPT) technology enables the
transfer of energy through electromagnetic fields, thereby elim-
inating the need for wired connections in energy transmission
systems. This innovation significantly enhances security and reli-
ability [1, 2]. Numerous researchers have conducted relevant
studies in this field [3, 4]. Besides its application in low-power
contexts such as wearable and communication devices, WPT
technology shows substantial promise for high-power appli-
cations, particularly in the rapidly growing sector of electric
vehicles.

In the practical application of WPT, coil misalignment is very
easy to occur. This situation often leads to a decrease in the cou-
pling coefficient between the transmission coils, which in turn
leads to fluctuations in the system output characteristics. For
high-power applications such as electric vehicles, these adverse
effects are more likely to occur due to random parking locations.
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Many scholars have conducted research on this issue. It is
an effective way to add additional DC–DC converters to the
WPT system to stabilize the output characteristics [5–7], which
increase the cost, volume and loss. At the same time, when the
coupling coefficient fluctuation is too large, it may exceed the
limit of the converter’s adjustment ability, and the adjustment
ability is limited. There are also studies to improve the charac-
teristics of the transmission coil itself [8–10], and reduce the
fluctuation degree of the coupling coefficient when the trans-
mission coil is wrong by targeted design. But they tend to add
extra space and weight, and the improvement is limited.

The efficiency of the WPT system is a crucial factor linked
to system losses and economic benefits [11–12]. Most con-
ventional WPT systems employ a “single-send single-receive”
configuration, featuring only one transmitting coil and one
receiving coil [13–15]. Some studies have used different control
methods for this configuration to achieve the optimal efficiency
point tracking and reduce the loss of the system [16, 17], but
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 I

摘要 

“双碳”背景下，以低碳绿色为主旋律的产业转型贯穿于各个领域中，伴随着电动汽

车保有量的逐年增高，车网互联（V2G，Vehicle to Grid）技术得到了广泛的关注。在

V2G 技术的车网能量互通需求下，电动汽车双向无线电能传输（Bidirectional Wireless 

Power Transmission，BWPT）系统具备重要的研究价值。本文从该背景出发，以电动汽

车双向无线电能传输系统为主要研究对象，针对功率控制方法和抗偏移策略两个关键问

题展开研究。 

本文首先对研究对象进行理论分析，采用互感耦合模型对 BWPT 系统磁耦合机构进

行建模，选择 SS 型补偿网络作为补偿拓扑，同时对 BWPT 系统中双向变换器的工作特

性、开关模态以及软开关条件等进行了详细的阐述。在理论模型的基础上，本文对

BWPT 系统的整体输出功率特性和传输效率特性进行了完整分析。 

接着，本文针对 BWPT 系统的功率控制方法展开研究。首先对双移相控制和三移相

控制两种经典功率控制方法进行分析，明确其存在的主要缺陷。在此基础上，结合脉冲

密度调制和脉冲频率调制提出了一种基于密度频率相位（Density-Frequency-Phase，DFP）

混合调制的功率控制方法，该方法采用密度频率混合控制作为调控功率流大小的核心，

配合内、外移相角的调控，能够实现精准的功率流调控，并具备良好的软开关特性以及

较低的无功环流。此外，为了提升系统在轻载工况的工作性能，提出的方法对轻载模态

进行了特殊设计，引入了全桥/半桥模式切换，能有效缓解轻载时的电流脉动问题。 

然后，本文针对电动汽车 BWPT 系统的线圈偏移痛点问题，展开抗偏移策略研究。

本文提出一种可重构多频补偿网络，该补偿网络能够在不同工作频率处重构为不同参数

的 SS 型补偿网络，这使得系统能够在耦合条件变化时可以通过改变工作频率的方式来切

换输出特性，以提高抗偏移性能。本文对于可重构多频补偿网络的基本特性和参数设计

方法、基于该补偿网络的抗偏移策略原理及实现方法进行了详细分析。此外，为了精确、

快速地获取到系统的耦合系数，以实现抗偏移策略，本文还提出了一种基于频率分裂的

耦合系数估计方法。该方法仅需要获取分裂谐振频率，结合少量系统元件参数即可估算

耦合系数。 

最后，为了对提出的方法策略进行进一步验证，搭建了额定功率为 3kW 的实验平台，
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对实验平台的软硬件设计进行了详细的阐述。通过实验平台对提出的功率控制方法和抗

偏移策略进行实验验证。在功率控制实验中，实验结果显示提出的功率控制方法能够较

好地完成基本的功率流调控功能，并能实现稳定的恒压恒流输出控制。在关键性能方面，

提出的功率控制方法在 0.15~3kW 负载范围内都能够获得相比经典移相控制方法更高的

DC-DC 效率，最高效率达到 94.5%以上。在抗偏移实验中，实验结果显示提出的耦合系

数估计方法能够在 2s 内完成耦合系数估计，估计结果误差率不超过 1.8%，具备较高的快

速性和准确性。同时，采用提出的抗偏移策略后 BWPT 系统能够在耦合系数 0.025~0.34

范围内保持 2.1kW 稳定输出，最大误差率为 1.4%，而未采用抗偏移策略时系统输出功率

无法稳定，最大误差率超过 50%。整个抗偏移实验过程中系统最高 DC-DC 效率为

93.24%，采用抗偏移策略后系统最低 DC-DC 效率能够提升约 28%。 

 

关键词：双向无线电能传输，电动汽车，功率控制，抗偏移 
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