
 

 

 

申 

 

报 

系列：教师系

列教学与科研

并重型 

专业：农业机

械化工程 

职称：副教授 

 

业绩成果材料 

（申报人的业绩成果材料包括论文、科研项目、获奖以及其他成果等） 

 

 

 

 

 

 

 

 

 

               单  位（二级单位）    工程学院     

                                                                                                               

姓  名     林彩霞 

 

 

 

 

 

 

        材料核对人：                           单位盖章： 

        核对时间：  

华南农业大学制 





 

 

目   录 

一、教学研究业绩 

1.教育教学改革与研究项目：《汽车营销应用型课程与教学

内容体系改革研究与实践》的申报书及立项批复 ......... 1 

2.教学比赛证书：广东省高校教师教学创新大赛二等奖 .. 14 

3.编写教材：参编十一五规划教材《汽车运用技术》《汽车

服务企业管理》、十二五规划教材《汽车市场营销学》，主编

《汽车美容装饰工等级考试教材》 ................... 15 

二、科研项目 

1.主持： 

1.1.十四五国家重点研发计划子课题“小粒/异形种子高效

精量育苗播种生产线研制”任务书 ................... 45 

1.2.广东省省级科技计划项目“山地果园运输车可发电式轮

边缓速制动技术研究与示范”合同书 ................  57 

2.主参： 

2.1.项目“适应丘陵山区农业作业的通用动力装备及高效作

业机具攻关项目”研究任务书 ......................  70 

2.2.国家重点研发计划“重型拖拉机无级变速传动技术研究

与样机开发”课题合作协议 ......................... 80 

2.3.国家自然科学基金面上项目“轴承间隙粘弹性润滑剂的

非线性动力学分析”计划书  ........................ 84 

三、论文、著作等 

1.检索证明 ....................................... 92 

2.以第一作者发表本专业论文情况 

2.1. 基于量纲分析的液力缓速器制动性能试验分析 .... 98 

2.2. 基于台架检测汽车滚动阻力的修正模型 .......... 109 

2.3. 液力缓速器能量耗散方程的建立 ................ 117 



 

 

2.4. 液力缓速器制动系统的能效分析 ................ 126 

2.5. 液力缓速器研究进展 .......................... 134 

2.6. 双转子摆线泵流量特性分析及优化设计 .......... 143 

2.7. 在用车滑行检测台架与道路差异性研究 .......... 152 

3.以通讯作者发表本专业论文情况 

3.1. Nondestructive identification of Litchi Downy Blight at 

different stages based on spectroscopy analysis ........... 160 

3.2. A novel method for detecting missing seedlings based on 

UAV images and rice transplanter operation information ... 177 

3.3. Analysis of radial electromagnetic force in claw pole 

alternator considering excitation current harmonics ........ 188 

四、科研成果  

1.知识产权 

1.1.实用新型专利授权证书：一种山地果园运输车可发电式

轮边缓速装置 .................................... 204 

1.2.实用新型专利授权证书：基于舵机驱动的曲柄滑块式末

端执行器及茶叶采摘机器 .......................... 205 

1.3.实用新型专利授权证书：减速器变速工况轴承力预测方

法、装置、设备及介质 ............................ 206 

五、其他业绩 

1.指导学生学科竞赛 

1.1.第九届广东大学生科技学术节之节能减排工业设计大

赛优胜奖证书 .................................... 207 

1.2. 第十五届全国大学生节能减排社会实践与科技竞赛校

内选拔赛一等奖证书 .............................. 208 

1.3. 第九届广东省汽车与农机电子环保大赛三等奖 .... 209 

2.个人荣誉 



 

 

2.1.工程学院优秀班主任证书 ...................... 210 

2.2.工程学院“十二五”工作先进个人证书 ............. 211 

2.3.华南农业大学“优秀共产党员”证书 ............... 212 

2.4.工程学院 “优秀共产党员”证书 .................. 213 

 

 



1



2



3



4



5



6



7



8



9



10



11



12



13



14





15



16



17



18



19



20



21



22



23



24



25



26



27



28



29



30



31



32



33



34



35



36



37



38



39



40



41



42



43



44





子课题编号： 2024YFD2000601-4 密   级：公开 

“十四五”国家重点研发计划 

子课题任务书 

子课题名称（编号）： 

小粒/异形种子高效精量育苗播种生产线研制

（2024YFD2000601-4） 

子课题承担单位： 华南农业大学 

子课题负责人： 林彩霞 

课题名称（编号）： 
小粒/异形种子高效精量育苗播种技术与装备研发

（2024YFD2000601） 

课题承担单位： 华南农业大学 

项目名称（编号）： 

设施蔬菜种苗智能化生产关键装备创制与应用

（2024YFD2000600) 

项目牵头单位： 华南农业大学 

执行期限： 2024 年 12 月至 2027 年 11 月

中华人民共和国科学技术部制 

2024 年 12 月 20 日 
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填 写 说 明

一、任务书甲方即课题牵头承担单位，乙方即子课题承担单位。 

二、任务书中的单位名称，请按规范全称填写，并与单位公章一致。 

三、任务书中文字须用宋体小四号字填写。 

四、凡不填写内容的栏目，请用“无”表示。
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一、目标及考核指标、评测方式/方法 

子课题目标、成果与考核指标表 

子课题目标
1
 

预期成果 考核指标
2
 考核方式（方

法）及评价手

段
4
 预期成果名称 预期成果类型 

指标 

名称 

立项时已有指标值

/状态 
中期指标值/状态

3
 完成时指标值/状态 

研制小粒/异

形种子高效

精量育苗播

种生产线 

主

要

成

果 

1 

小粒/异形

种 子 高 效

精 量 育 苗

播 种 生 产

线 

新产品

新技术

论文

发明专利

数量指标 无

申请发明专利 1
件， 设计试制小粒

/异形种子高效精

量育苗播种生产线

1 套 

申请发明专利 1 件；发

表论文 1 篇；提供小粒/
异形种子高效精量育苗

播种生产线 1 套 

发明专利受

理通知书、论

文录用通知、

生产线。

技术指标

【TRL6】育苗盘传

送作业速度≥600

盘/小时、关键技术

及自主化率≥93% 

【TRL7】育苗盘传

送作业速度≥800

盘/小时、关键技术

及自主化率≥95% 

【TRL8】提供小粒/异形

种子高效精量育苗播种

生产线 1 套，育苗盘传

送作业速度≥1000 盘/

小时、关键技术及自主

化率≥97% 

第三方检测

机构检测并

出具检测报

告并提供用

户使用证明。 

科技报告考

核指标 

序号 报告类型
5
 数量 提交时间 公开类别及时限

6
 

1 年度执行报告 1 2025 年 11-12 月 延期公开

2 中期执行情况报告 1 中期检查前 延期公开

3 年度执行报告 1 2026 年 11-12 月 延期公开

4 年度执行报告 1 2027 年 11-12 月 延期公开

5 最终科技报告 1 2027 年 11-12 月 延期公开

6 综合绩效评价报告 1 子课题执行期结束后 6 个月内 延期公开
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二、子课题研究内容、研究方法及技术路线 

（一）主要研究内容

拟解决的关键科学问题、关键技术问题，针对这些问题拟开展的主要研究内容。 

2.1 拟解决的关键科学问题、或关键技术问题 

基于机-电-气协同调控的育苗盘高效传送系统构建，以 PLC为核心元件构建播种生

产线控制系统，实现播种全环节育苗盘的高效传送作业。 

2.2 拟开展的主要研究内容 

开发以 PLC为控制核心的机-电-气协同调控系统，协同调控播种生产线各环节高效

配合作业，研发播种运行数据监控和运行参数调节的人机交互界面，开展多品种多形状

小粒种子精播性能测试试验，实现设施蔬菜育苗播种智能化高效精量生产。 

（二）采取的研究方法

针对研究拟解决的问题，拟采用的方法、原理、机理、算法、模型等。 

运用多机构协同的设计方法，采用概率统计理论和多目标试验优化方法，寻找播种、

补种、铺土、扫土、覆土、淋水等装置的最佳匹配作业速度，利用积累的准确测试数据

驱动播种全环节协同工作，实现育苗盘高效传送作业。 

三、主要创新点 

围绕基础前沿、共性关键技术或应用示范等层面，简述课题的主要创新点。具体内

容应包括该项创新的基本形态及其前沿性、时效性等，并说明是否具备方法、理论和知

识产权特征。 

基于机-电-气协同调控，以及利用积累的准确测试数据驱动播种全环节协同工作，

实现小粒/异形精量播种生产线的育苗盘高效传送作业。 

四、预期经济社会效益 

子课题的科学、技术、产业预期指标及科学价值、社会、经济、生态效益。 

1. 科学、技术、产业预期指标

子课题将基于机-电-气协同调控的育苗盘高效传送系统构建，以 PLC为核心元件构

建播种生产线控制系统，研制小粒/异形种子高效精量育苗播种生产线样机 1 套，关键

技术及零部件自主化率达到 97%以上；申请发明专利 1 件、发表论文 1 篇。 
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2. 科学价值

子课题将明确数据优化管理、参数协同控制与性能指标评价等技术要求，为播种全

环节的智能化管控提供数据基础，也为设施蔬菜育苗播种智能化高效精量生产提供性能

试验平台。

3. 社会、经济、生态效益

子课题研究将显著提高小粒/异型种子播种生产全环节的育苗盘传送作业效率，为播

种生产缓解用工难、用工贵等突出问题，有力支撑设施蔬菜种苗产业的高质量发展。另

外，生产线研发制造的关键技术及装备自制化率可以达到 97%以上，有效降低了播种设

备的市场价格，为推广应用提供了保障。 

五、子课题年度计划 

按每6个月制定完成子课题的计划进度，应将子课题的考核指标分解落实到年度计划中。 

年度 任务 考核指标 成果形式 

2024年 12月 
— 

2025 年 5 月 

开展机、电、气零部件选型，以及

生产线控制系统方案设计
播种生产线设计方案

机械结构设

计图纸

2025 年 6 月 
— 

2025年 11月 

生产线模块化设计，生产线各环节

装置的结构参数优化 
申请专利 1件

发明专利受

理通知书、

年度科技报

告

2025年 12月 
— 

2026 年 5 月 

机、电、气协同控制系统构建，初

步研制播种生产线

关键技术及零部件自

主化率达到 95%以上

样机、中期

报告

2026 年 6 月 
— 

2026年 11月 

开发协同控制系统人机界面，研究

生产线配套装置运行参数的协同方

法，研制完成播种生产线

播种生产线 1 条、关

键技术及零部件自主

化率达到 97%以上 

播 种 生 产

线、年度报

告

2026年 12月 
— 

2027 年 5 月 

开展生产线育苗盘高效传送作业性

能测试
发表论文 1篇

论文录用通

知书、第三

方检测报告

2027 年 6 月 
— 

2027年 11月 

总结研究成果，编写绩效报告；

准备项目结题材料
/ 

年度科技报

告、最终科

技报告、项

目绩效报告
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六、子课题组织实施机制及保障措施 

1、内部组织管理方式、协调机制等。 

1.1 子课题内部组织管理方式 

（1）实行子课题负责人负责制

子课题执行团队由子课题负责人和子课题骨干构成，负责子课题的具体实施、管理、

规划、协调、执行、检查，以及落实子课题执行进度，以及组织年度评估、中期检查和

最终的子课题结题验收等关键环节。子课题负责人负责子课题任务分解，遵循已批准的

计划和预算方案执行子课题任务，组织制定年度工作计划及经费执行，强化子课题内研

讨沟通，以及与课题组的沟通和汇报，确保子课题整体进度按时推进，同时负责组织撰

写年度工作总结，并确保经费的合法、合规使用，每年需提交子课题的年度进展报告和

下一年度的研究计划。

（2）规范子课题经费管理和使用

子课题负责人依托执行单位财务管理部门单独设立专项经费账户，对子课题资金的

分配、使用进行加强管理，保证子课题经费合理、合法使用，确保专款专用，并接受审

计部门的监督和审查。

2、实施的相关政策，已有的组织、技术基础，支撑保障条件。 

2.1．政策支撑 

2023 年国家农业农村部等多部委联合推出《全国现代设施农业建设规划（2023— 

2030 年）》，规划指出以加快现代设施农业高质量发展为目标，以优化现代设施农业

布局、适度扩大规模、升级技术装备为重点，明确指出以提升现代化设施蔬菜种苗产业

为重点任务。本项目研究内容重点解决现有设施蔬菜种苗播种装备缺乏等问题，研发高

效精量和精准定向育苗播种成套设备，研究成果为加快现代设施农业高质量发展提供了

有力支撑，与国家战略目标一致，符合国家相关政策要求。 

2.2．良好的课题相关研究平台 

子课题承担单位华南农业大学建有农业装备技术全国重点实验室（共建）、农业农

村部蔬菜（叶菜）全程机械化科研基地、 广东省农业人工智能重点实验室等 10 余个

国家级及省部级科研平台，配套有设施加工、性能监测和机电测试等科研实验室等等。

科研与生产高度融合，可以为本任务的实施提供最有力的人才技术、研发手段、设备仪

器试验平台、生产加工和试验基地等方面保障。
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2.3．组建实力雄厚和稳定的课题研究团队 

子课题主持人长期从事农业机械研究工作，提供了有力的人才支撑。子课题研究团

队主要成员为科研骨干，可确保子课题研究团队在子课题执行期间的稳定。

3、对实现项目总目标的支撑作用，及与项目内其他课题的协同机制，限 500 字以内。 

本子课题主要针对高速作业下小粒/异形蔬菜种子播种不精量问题，突破稳量充种、

组合清种、同步排种等播种关键技术，目标研发小粒/异形种子高效精量育苗播种生产

线样机 1 套，关键技术及零部件自主化率达到 97%以上 

也为本项目设施蔬菜种苗智能化生产中的移栽、嫁接、推广示范等提供技术与装备

保障。申请发明专利 1 件、发表论文 1 篇。 

七、知识产权对策、成果管理及合作权益分配 

1. 按照国家科技成果相关规定，严格执行《科技成果登记办法》和《关于国家科研

计划项目研究成果知识产权管理的若干规定》，实行国家科技计划重大成果报告制度。

根据科技成果特点，按照法律法规的规定适时选择申请专利、进行著作权登记等适当方

式予以保护。

2. 在子课题实施过程中，严禁弄虚作假、徇私舞弊、剽窃他人成果等科研不端行为。

在不影响子课题的专利申请或其他知识产权保护的前提下，明确要求依托本子课题所取

得的所有研究成果，包括但不限于论文、专著、样机、样品、报道、软件、数据库和奖

项等，应标注“国家重点研发计划资助”字样及项目编号，英文标注：“National Key R&D 

Program of China”。第一标注的成果作为验收或评估的确认依据。 

3. 子课题实施过程中形成的专利、技术和产品等知识产权依照国家相关规定进行管

理。

4. 在不影响知识产权保护前提下，积极推动子课题产生的知识产权和科研成果的转

移和运用，加快知识产权的商品化、科研成果的产业化。

5. 按照国家有关科技计划项目知识产权管理规定及联合申请协议中对知识产权的

约定，建立成果和知识产权权益分配机制，加强课题共有知识产权保护。

八、需要约定的其他内容 

无 
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九、子课题参加人员基本情况表 

序 

号 
姓名 性别 出生日期 

身份证号码 

（军官证、护照） 

技术 

职称 
职务 学位 专业 

投入本

课题的

全时工

作时间 

（人月）

人员 

分类 

是否有

工资性

收入 

工作单位 

1 林彩霞 女   中级 无 博士 农业机械化 18 项目骨干 是 华南农业大学 

2 韦未 女   副教授 副院长 博士 水工结构工程 18 子课题骨干 是 华南农业大学 

3 胡威 女   中级实

验师 

无 硕士 农业水土工程 18 子课题骨干 是 华南农业大学 

4 姚志强 男   无 无 学士 机器人工程 30 其他研究人

员 

否 华南农业大学 

5 杨金鹏 男   无 无 学士 农业工程与信

息技术 

30 其他研究人

员 

否 华南农业大学 

固定研究人员合计 114 ／ ／ 
／ 
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十、经费预算 

子课题承担单位基本情况表

表 B1 
填表说明：1.组织机构代码指企事业单位国家标准代码，单位若已三证合一请填写单位社会信用代码，  

 无组织机构代码的单位填写“000000000”； 

2.单位公章名称必须与单位名称一致。

子课题编号 2024YFD2000601-4 执行周期（月） 36 

子课题名称 小粒/异形种子高效精量育苗播种生产线研制 

子

课

题

承

担

单

位

单位名称 华南农业大学

单位性质 大专院校

单位主管部门 广东省教育厅 隶属关系 地方 

单位组织机构代码 124400004554165634 

单位法定代表人姓名 薛红卫

单位所属地区 广东省 广州市 天河区 

联系邮箱 无

通信地址 广州市天河区五山路 483 号 

邮政编码 510642 

银行账号 3602002609000310520 

单位开户名称 华南农业大学

开户银行（全称） 中国工商银行股份有限公司 广州五山支行

相

关

责

任

人

子课题负责人

姓名 林彩霞

身份证号

码
 

工作单位 华南农业大学

电话号码  手机号码  

电子邮箱 cxllin@scau.edu.cn 邮政编码 510642 

通信地址 广州市天河区五山路 483 号华南农业大学工程学院 

财务部门负责人

姓名 龚浩

电话号码  手机号码  

传真号码

电子邮箱 gonghao@scau.edu.cn 
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子课题预算表
表 B2 子课题编号：2024YFD2000601-4

子课题名称：小粒/异形种子高效精量育苗播种生产线研制    金额单位：万元 

序号
预算科目名称 金额

（1） （2） 

1 一、中央财政专项资金 60.00 

2 （一）直接费用 51.00 

3 1.设备费 7.00 

4 （1）购置设备费 7.00 

5 （2）试制设备费 0.00 

6 （3）设备改造费 0.00 

7 （4）设备租赁费 0.00 

8 2.业务费 32.00 

9 （1）材料费 14.00 

10 （2）测试化验加工费 4.00 

11 （3）燃料动力费 1.00 

12 （4）出版/文献/信息传播/知识产权事务费 1.00 

13 （5）会议/差旅/国际合作与交流 10.00 

14 （6）其他支出 2.00 

15 3.劳务费 12.00 

16 （1）劳务性费用 10.00 

17 （2）专家咨询费 2.00 

18 （3）其他 0.00 

19 （二）间接费用 9.00 

20 二、其他来源资金 0.00 

21 三、合计 60.00 

注：1.间接费用无需编制预算说明；2.绩效支出在间接费用中无比例限制。承担单位在统筹安排间接费用

时，要处理好合理分摊间接成本和对科研人员激励的关系，绩效支出安排与科研人员在子课题工作中的实

际贡献挂钩。
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任务书签署 

甲乙双方根据《国务院印发关于深化中央财政科技计划（专项、基金）

管理改革方案的通知》（国发〔2014〕64 号）、《国务院关于优化科研管

理提升科研绩效若干措施的通知》（国发〔2018〕25 号）、《国务院办公

厅关于改革完善中央财政科研经费管理的若干意见》（国办发〔2021〕32

号）、《科技部 财政部关于印发<国家重点研发计划管理暂行办法>的通知》

（国科发资〔2017〕152 号）、《财政部 科技部关于印发<国家重点研发计

划资金管理办法>的通知》（财教〔2021〕178 号）、《科学技术活动违规

行为处理暂行规定》（科学技术部令第 19 号）、《科技部财政部关于印发

<中央财政科技计划（专项、基金等）监督工作暂行规定>的通知》（国科

发政〔2015〕471 号）、《科技部 自然科学基金委关于进一步压实国家科

技计划（专项、基金等）任务承担单位科研作风学风和科研诚信主体责任

的通知》(国科发监〔2020〕203 号)等有关文件规定，以及有关法律、政策

和管理要求，依据项目立项通知，签署本任务书。 

同时，本单位和子课题负责人郑重承诺：对本子课题所有成果产出（包

括但不限于新产品、新技术、标准、论文、专利等）的真实性、与课题的

关联性等负责，将按要求落实科研作风学风和科研诚信主体责任；课题经

费全部用于与本课题研究工作相关的支出，不截留、挪用、侵占，不用于

与科学研究无关的支出；接受并积极配合相关部门的监督检查。如有违反，

本单位和子课题负责人以及相关成果产出者愿接受项目管理专业机构和相

关部门做出的各项处理决定，包括但不限于终止课题执行、追回项目（课

题）经费，取消一定期限国家科技计划项目申报资格，记入科研诚信严重

失信行为数据库以及主要负责人接受相应党纪政纪处理等。 
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项目批准号 10602019 

归口管理部门 

申请代码 A020301 

收件日期 

96983  uV5wUrZE

国家自然科学基金委员会 

资助项目计划书 
资助类别：面上项目 

亚类说明：青年科学基金项目 

附注说明： 

项目名称：轴承间隙粘弹性润滑剂的非线性动力学分析 

资助经费：  25.00万元 执行年限：2007.01-2009.12

负 责 人：王海林  

通讯地址：广东省广州市天河区五山路 483号  

邮政编码：  510642 电话：020-85280752  

电子邮件： wanghl302@126.com 

依托单位：华南农业大学 

联系人：   陈奕 电话：  020-85280070 

填表日期： 2006年10月8日 

国家自然科学基金委员会 
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国家自然科学基金项目计划书 

第 2 页 版本:  1.002.673 

国家自然科学基金委员会资助项目计划书填报说明

一、收到《国家自然科学基金委员会资助项目批准通知》（以下简称《批准通知》）

后，请认真阅读本填报说明和自然科学基金相关项目及财务管理办法（查阅

Http://www.nsfc.gov.cn/），按《批准通知》的要求认真填写《国家自然科学基金委

员会资助项目计划书》（以下简称《计划书》）。

二、填写《计划书》时要求科学严谨、实事求是、表述清晰、准确。《计划书》经主

管科学部审核批准后，将作为项目研究计划执行和检查、验收的依据。

三、《计划书》为个性化表格，简表部分自动生成，不同类别的项目按不同要求撰

写。请按以下提纲撰写《计划书》：

1、各类获资助项目都必须撰写中、英文摘要及主题词，填报经费预算表。 

2、对于基金面上项目，项目组成员和研究内容按申请书执行，一般不得修改。如

果《批准通知》中明确要求调整研究内容，须在《计划书》报告正文中对修改

的内容作详细说明。没有要求修改的内容时，只需在报告正文中填写“研究内

容和研究目标按照申请书执行”即可。

3、重点、重大项目的项目组成员和研究内容根据批准项目的实际情况填报，不能

自行降低、更改研究目标，或缩减关键的研究内容。此外，还要突出以下几

点：

（1） 研究的难点和在实施过程中可能碰到的问题，拟采用的研究方案和技术

路线；

（2） 项目组主要成员分工，并请说明课题及合作单位之间的关系与分工；

4、 国家杰出青年科学基金和海外青年学者合作研究基金的计划书正文按下列提纲

撰写：

1) 研究方向

2) 结合国内外研究现状，说明研究工作的学术思想和科学意义（限两个页

面）

3) 研究内容、研究方案及预期目标（限两个页面）

4) 分年度进度安排

5) 研究队伍的组成情况
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国家自然科学基金项目计划书 

第 3 页 版本:  1.002.673 

简表 

姓 名 王海林 性 别 男 
出生 

年月 
年 月 民 族 汉族 

学 位 博士 职称 副教授 

电 话 020-85280752 电子邮件 wanghl302@126.com 

传 真 020-85281885 个 人 网 页

工 作 单 位 华南农业大学  

申

请

者

信

息

所 在 院 系 所 工程学院 

名 称 华南农业大学 代 码 51064201 

联 系 人 陈奕 电子邮件 kycjhk@scau.edu.cn 

依
托
单
位
信
息 电 话 020-85280070 网站地址

单  位  名  称 代   码 合
作
单
位
信
息

项 目 名 称 轴承间隙粘弹性润滑剂的非线性动力学分析 

资 助 类 别 面上项目  亚 类 说 明 青年科学基金项目  

附 注 说 明 

申 请 代 码 A020301:流动的稳定性 E051502:机械润滑、密封与控制 

基 地 类 别 

执 行 年 限 2007.01-2009.12 研究属性 基础研究  

项

目

基

本

信

息

资助经费 25.00万元 
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项目摘要 

中文摘要(500字以内)： 

集成现有有关理论、数值计算、实验分析等研究成果，基于微观分子动力学及非线性动力学理论建

模，研究含高分子添加剂的润滑油(非牛顿流体)与基础油(牛顿流体)作为轴承间隙润滑介质时，轴承

－转子系统动力学及其摩擦学特性，揭示非牛顿流体抑制高速转子滑动轴承间隙油膜流态失稳的机理

以及高分子润滑油膜的形成机理，分析高分子聚合物湍流减阻的机理。 

关键词(不超过 5个，用分号分开): 粘弹性流体;非线性动力学;滑动轴承 

Abstract(limited to 500 words)： 

Integrated the related theoretical, numerical and experimental research results, 

based on the microcosmic molecule dynamics and nonlinear dynamics, the bearing- rotor 

system dynamics and tribological characteristics are studied, with the lubricant 

contained high molecule additives (non-Newtonian fluid) and based oil (Newtonian fluid) 

as lubrication medium respectively. The mechanism of the viscoelastic fluid delaying 

transition to turbulence of oil film in bearing clearance of high speed rotor is 

investigated. The lubrication mechanism of high molecular weight ubrication film is 

analyzed. And the turbulent drag reduction mechanism of high molecular polymer is 

studied. 

Keywords(limited to 5 keywords,seperated by;):viscoelastic fluid; nonlinear dynamics; 

sliding bearing 
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国家自然科学基金项目计划书 

第 5 页 版本:  1.002.673 

经费预算表 （金额单位：万元） 

预算编制说明： 
１． 在填报本表之前，请根据项目资助类别认真阅读相关的资助经费管理办法；经费预算的编制以申请书

中的《经费申请表》为基础，以《国家自然科学基金项目资助批准通知书》中的资助金额为依据；

２． 编制经费预算时，不考虑不可预见因素和前期投入；

购置与试制仪器设备在 5万元以上（包括 5万元）时，须在报告正文中逐项说明用途和必要性。 

科 目 预算经费 备 注（计算依据与说明） 

一．研究经费 22.0000

1．科研业务费 10.5000

（1）测试/计算/分析费 4.0000 机时费、计算机耗材 

（2）能源/动力费 1.5000 实验耗电、水等 

（3）会议费/差旅费 2.5000 会务费、调研费、差旅费 

（4）出版物/文献/信息传播事务费 2.5000 资料费、打印复印费、出版费、网络费 

（5）其它

2．实验材料费 4.0000

（1）原材料/试剂/药品购置费 2.5000 基础油、添加剂等 

（2）其它 1.5000 实验消耗品 

3．仪器设备费 4.5000 自制可视化实验台、购置测试仪器 

4．实验室改装费 3.0000 管线调整 

5．协作费 

二．国际合作与交流费 0.0000

1．项目组成员出国合作交流

2．境外专家来华合作交流 

三．劳务费 1.7500 研究生助研费、误餐费 

四．管理费 1.2500 按 5％计 

合     计     25.0000

国家其他计划资助经费 

其他经费资助（含部门匹配） 与本项目相关的其他经费来源 

其他经费来源合计 0.0000
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报告正文 

 

研究内容和研究目标按照申请书执行。 
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国家自然科学基金项目计划书 

国家自然科学基金资助项目签批审核表

我接受国家自然科学基金的资助，将按照申请

书、项目批准意见和计划书负责实施本项目（批准号：

10602019），严格遵守国家自然科学基金委员会关于资

助项目管理、财务等各项规定，切实保证研究工作时

间，认真开展研究工作，按时报送有关材料，及时报告

重大情况变动，对资助项目发表的论著和取得的研究成

果按规定进行标注。

项目负责人（签章）：

       年  月  日

我单位同意承担上述国家自然科学基金项目，将保

证项目负责人及其研究队伍的稳定和研究项目实施所需

的条件，严格遵守国家自然科学基金委员会有关资助项

目管理、财务等各项规定，并督促实施。 

依托单位（公章） 

年  月  日

科学处审查意见：  

建议年度拨款计划（本栏目为自动生成，单位：万元）：  

年度 总 额 第一年 第二年 第三年 第四年 第五年 

金额

负责人（签章）： 

  年  月  日 

本
栏
目
由
基
金
委
填
写 科学部审查意见： 

     负责人（签章）： 

年  月  日 

 相关局室审核意见： 

     负责人（签章）： 

年  月  日 

本
栏
目
主
要
用
于
重
大
项
目
等

 委领导审批意见： 

     委领导（签章）： 

年  月  日 
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第 1 页/共 2 页

SCAULIB202624886

检索证明

根据委托人提供的论文材料，委托人华南农业大学工程学院 林彩霞(学科类型:自然科学) 2 篇论文收录情况如下表。

序

号
论文名称

发表刊物及发表的年月卷

期/页码等
作者排名

论文

等级
作者文中单位 收录情况 影响因子

中科院大类分

区
引用

1

A novel method for 

detecting missing 

seedlings based on UAV 

images and rice 

transplanter operation 

information

COMPUTERS AND 

ELECTRONICS IN 

AGRICULTURE

出版年：2025

出版日期：FEB

卷期：229 页码：-

文献号：109789

文献类型：Article

共同通讯作者 T2类
华南农业大学

工程学院
SCI

IF2-year=8.9

IF5-year=9.3

   （2024）

农林科学  1区

Top期刊：是

OA期刊：否

（2025）

SCI 核心合集

总引：5

2

Analysis of Radial 

Electromagnetic Force in 

Claw Pole Alternator 

Considering Excitation 

Current Harmonics

JOURNAL OF ELECTRICAL 

ENGINEERING & TECHNOLOGY

出版年：2025

出版日期：NOV

卷期：20 8页码：5199-

5214

文献类型：Article

通讯作者 B类
华南农业大学

工程学院
SCI

IF2-year=1.6

IF5-year=1.6

   （2024）

工程技术  4区

Top期刊：否

OA期刊：否

（2025）

SCI 核心合集

总引：0

说明：论文等级和中科院大类分区按《华南农业大学学术论文评价方案（试行）》划分。

报告免责声明:如未盖章,报告无效

检索员：卢炳卫

华
南
农
业
大
学
图
书
馆
SC
AU
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基于量纲分析的液力缓速器制动性能试验分析

林彩霞
( 华南农业大学 工程学院，广东 广州 510642)

摘要: 为揭示液力缓速器制动性能诸影响因子的内在规律，基于量纲分析原理，通过台架试验，验

证介质的物性参数、工作参数、缓速器结构参数等单值性条件对液力缓速器制动性能的作用效果，
给出了由雷诺数、普朗特数、欧拉数、单位倾角和弦节比组成的液力缓速器准则函数．理论分析和试
验结果表明:制动转矩受到油温的影响;在工作介质一定时，转矩与普朗特数成反比，随着普朗特数

增加而降低;雷诺数越大，工作介质的受迫流动越剧烈，制动转矩随着雷诺数的增加而增大;随着工

作腔内油压增加，制动转矩增加，液力缓速器制动过程的驱动力来源于工作腔工作介质的压力差．
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Experiment analysis of hydraulic retarder brake
performance based on dimension analysis

LIN Caixia
( College of Engineering，South China Agricultural University，Guangzhou，Guangdong 510642，China)

Abstract: To disclose the essential rule of influence factor on hydraulic retarder brake，the effects of
working media physical parameters，working parameters and geometry parameters on hydraulic retarder
brake performance were tested and verified based on dimension analysis． The criterion function of brake
torque was deduced with parameters of Ｒe，Pr，Eu，unit dip angle and chordal section length ratio． The
theory and experiment research results show that the torque performance is affected by oil temperature．
The torque is inversely proportional to Pr for the same working liquid，and the torque is decreased with
the increasing of Pr． The larger the Ｒe is，the more violent the working media flows with increased
torque． The torque is increased with the increasing of oil pressure，and the torque driving force comes
from the pressure difference of working media．
Key words: hydraulic retarder; braking performance; dimension analysis; criterion function; experiment

research

液力缓速器是把汽车的动能转化为工作介质热

能的辅助制动装置，因其具有制动件磨损小、寿命
长、制动转矩大、过程平稳、不会产生热衰退和散热
性能好等特点，其装置在国外普遍应用． 德国采埃

孚、福伊特公司、美国通用汽车公司等公司生产的液
力缓速器技术成熟，结构类型多样化．
液力缓速器在中国虽然也有应用，但基本上是

国外的产品，价格昂贵． 过去中国生产的液力缓速
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器，在相同参数和工况时，出现制动转矩比国外的产

品低、密封性能不好、漏油等现象，阻碍了液力缓速
器产业化进程的发展． 多年来，国内的专家、学者致
力于液力缓速器的国产化，针对液力缓速器的结构、
制动机理、设计方法等问题展开了诸多研究．如基于
1 维束流，把油液在液力缓速器内部的 3 维流动简
化为 2 维流动或者 1 维流动，再用试验的方法进行
修正，建立相应的液力缓速器部分充液工况制动转

矩液力计算数学模型［1 － 4］． 利用 Fluent 等流体力学
软件对液力缓速器内部流场进行数值分析与计算发

现，液力缓速器内部压力从循环圆中心到外环，压力

逐渐增大，湍动能的分布在涡旋处较大，在流道固壁

处较小［5 － 9］，以及在改变液力缓速器充液量、叶片
数、叶片倾角、循环圆等参数的情况下进行数值分
析，揭示不同情况下缓速器内部流动流场的变化规

律［10 － 12］．而现有对液力缓速器制动性能影响因子的
内在相互规律的研究比较缺乏． 为了提高液力缓速
器的制动性能，笔者基于量纲分析法推导出揭示各

影响因子相互规律的准则函数，并利用样机进行台

架试验分析．

1 液力缓速器准则函数的确定

根据白金汉 π 定理，如果在一个系统中有 q1，
q2，…，qn 共 n个变量，这 n 个变量有一定的物理相
关性，且只含有 k个基本量纲，那么该系统就可以由
J = ( n － k) 个独立的量纲一的量来完全描述．
液力缓速器制动过程是由机械结构、工作介质

和工作参数等因素影响的复杂过程，影响转矩的因

素较多，有工作介质密度、黏性系数、温度、流动速度、
流量、压力、循环圆直径、叶片倾角、定、动轮叶片数
和动轮转速等．依据前期试验研究的结果，选择了工
作介质的物性参数: 密度 ρ，量纲为 ML －3 ; 黏度 η，
量纲为 ML －1 T －1 ; 导热系数 λ，量纲为 MLΘ － 1 T －3 ;

比定压热容 cp，量纲为 L2Θ － 1 T －2 ．工作参数:转速 n
( 以动轮的转速表征工作介质的流动速度) ，量纲为

T －1 ;压力 p，量纲为 ML －1 T －2 ． 几何参数: 循环圆直
径 D，量纲为 L;叶片倾角 θ( 考虑到液力缓速器倾角
角度变化范围是 0 ～ π /2，对倾角进行量纲一化为
2θ /π，以下简称为单位倾角) ; 液力缓速器的弦长 l
为工作直径，节长为

b = ( πD － xl1 － yl2 ) / ( x + y) ， ( 1)
式中: x 为有进油口的叶片的个数，个; l1 为有进油
口的叶片的厚度，mm; y 为无进油口的叶片的个数，

个; l2 为无进油口的叶片的厚度，mm．
弦长与节长的比值称弦节比 l / b．考核指标为制

动转矩 T，量纲为 ML2T －2 ．对于不带量纲的物理量，
在 π定理中直接当作量纲一的量来处理，用字母 π
表示，因此 π5 = l / b，π6 = 2θ /π．以上共有 8 个变量，
基本量纲:长度的量纲 L、质量的量纲 M、时间的量
纲 T、温度的量纲 Θ 共 4 个，根据 π 定理 ( 8 － 4 =
4) ，可以推导出 4 个量纲为一的量． 制动转矩 T 的
准则函数具体推导过程如下:

1) 选定 4 个物理量作为基本物理量，该物理量
的量纲必须包括上述 4 个基本物理量，基本物理量
取为黏度 η、转速 n、循环圆直径 D及导热系数 λ．

2) 将基本物理量逐一与其余各量组成量纲一
的量，量纲一的量采用幂指数形式表示，其中指数待

定．则有
π1 = Tηa1nb1Dc1λd1，

π2 = ρη
a2nb2Dc2λd2，

π3 = cpη
a3nb3Dc3λd3，

π4 = pηa4nb4Dc4λd4










，

( 2)

式中 a1，a2，a3，a4，b1，b2，b3，b4，c1，c2，c3，c4 为待定
幂指数．

3) 用量纲齐次原理来决定上述待定指数，以
π1 为例，把 π1 各项的量纲代入得

π1 = M
1 + a1 + d1L2 － a1 + c1 + d1T － 2 － a1 － b1 － 3d1Θ － d1，( 3)

等号左边为量纲一的量，因而等号右边各量纲的指

数必为 0，算得: a1 = － 1，b1 = － 1，c1 = － 3，d1 = 0．
其他 π项的指数同理算得，因此可得量纲一的量为

π1 = = Tη － 1n － 1D － 3 = T
ηnD3 =

TＲe
ρn2D5，

π2 =
ρnD2

η
= Ｒe，

π3 =
cpη
λ

= Pr，

π4 =
p
ηn

= p
ρu2

ρu2

ηn
= π2

3 600EuＲe















 ，

( 4)

10 个变量中，除制动转矩 T 为因变量外，其余均为
自变量．所以，含有 T 的 π1 可作为因变项，其他的

为自变项，满足:

π1 = f( π2，π3，π4，π5，π6 ) ． ( 5)
把各 π项代入式( 5) ，即得液力缓速器准则函数:

TＲe
ρn2D5 = f Ｒe，Pr，lb ，

2θ
π
，
p
η( )n ． ( 6)

令 λT = f Ｒe，Pr，lb ，
2θ
π
，
p
η( )n /Ｒe，定义为制动转
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矩系数，式( 6) 变为
T = λTρn

2D5 ． ( 7)
从式( 6) ，( 7 ) 可以看出: 液力缓速器准则函数

由雷诺数 Ｒe、普朗特数 Pr、欧拉数 Eu、转速以及循
环圆直径、弦节比和单位倾角等单值性条件组成，综
合反映了工作介质性质、工作参数和结构参数对制
动转矩的影响．

2 单值性条件对制动性能影响的试验

2． 1 台架试验设备
液力缓速器试验台如图 1 所示，由液力缓速器、

水温、油温传感器 ( 型号: HSTL-PT1000，温度范围:
－ 50 ～ 200 ℃，精度: ± 0． 1% F． S ) 、压力传感器
( 型号: HSTL-2A，压力范围: 0 ～ 25 MPa，精度:
± 0． 25% F． S) 、工况控制柜、模拟车辆惯性输入的
驱动电动机( YSP315L2-2 ) 、飞轮组( 模拟 20 t 车辆
减速的过程) 、转矩、转速传感器 ( 湘仪动力测试仪
器有限公司 JC3A 型转矩、转速传感器，转矩测量精
度: 0． 1 级，转速测量精度: ± 1 r·min －1 ) 、转矩仪
( 湘仪动力测试仪器有限公司 JW-2A 型转矩仪) 和
散热水箱等组成．

图 1 液力缓速器试验台示意图

2． 2 试验用液力缓速器样机
试验采用 5 台液力缓速器样机，分别用 1，2，3，

4，5 来表示．样机 1 的循环圆直径为 298 mm，其他
均为 308 mm; 样机 3 的工作直径为 63 mm，其他均

为 62 mm; 定轮叶片数均为 33 片; 动轮叶片数均为
36 片;样机 1，2，3 的叶片倾角均为 45°，样机 4 为
40°，样机 5 为 47°;有进油口的叶片厚度为 6． 3 mm，
无进油口的叶片厚度除了样机 1 为 2． 7 mm 外，其
他均为 2． 5 mm;进油口均为 11 个．
2． 3 试验方法
为验证不同工作介质对制动性能的影响，采用

蓝喜力 HX7 5W-40 机油及空气进行制动试验．进气
压力为 0． 5 MPa时，采集制动过程中不同转速下转
矩仪的数值为机油制动的转矩． 把液力缓速器的挡
位置于空挡( 即工作腔内完全不充油，进气压力为 0
MPa的情况下) ，采集制动过程中不同转速下转矩
仪的数值为空气制动的转矩． 当转速稳定在1 100 r
·min －1，改变进气压力获得液力缓速器压力变化，

测得的转矩用以验证工作参数的影响． 为验证结构
参数对液力缓速器制动性能的影响，从式 ( 6 ) 可知
液力缓速器制动转矩与循环圆直径成正比，因此采

用样机 1，2 验证循环圆直径的影响;采用样机 2，4，
5 验证单位倾角的影响; 采用样机 2，3 验证弦节比
的影响;试验过程与测机油的制动转矩的过程一致．
当转速分别稳定在( 430 ± 10 ) ，( 510 ± 10 ) ，( 600 ±
10) r·min －1时，样机 1 保持持续制动，进气压力为
0． 5 MPa，记录相应转速下的转矩和油的温度，以分
析温度对转矩的影响． 均以 3 次试验平均值作为最
终分析结果．

3 试验结果与分析

3． 1 工作介质与工作参数
采用机油进行制动的转矩曲线如图 2 所示．

图 2 机油制动的转矩拟合曲线

液力缓速器的转矩是随着转速的增加而升高，

在转速较低时，转矩上升比较慢，当转速大于 600 r·
min －1后，转矩上升较快．
空气制动即液力缓速器空转时产生制动转矩，

转矩拟合曲线如图 3 所示．空气有一定的黏度，空气
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在液力缓速器空载时的运动是黏性运动，从图 3 中
可以看出:随着转速的增加，该制动转矩也逐渐升

高，在 900 r·min －1时制动转矩为 70 ～ 80 N·m．

图 3 空气制动的转矩拟合曲线

液力缓速器机油压力变化时，转矩变化如图 4
所示，当转速一定时，工作腔内油压为 0 时，制动转
矩很小;随着工作腔内油压增加，制动转矩增加．

图 4 油压变化的转矩拟合曲线

3． 2 结构参数
3． 2． 1 循环圆直径
样机 1，2 的转矩拟合曲线如图 5 所示，拟合系

数均达到 0． 9 以上，相关性较高．在相同转速下样机
1 的转矩比样机 2 的低，样机 1，2 结构参数主要不
同是循环圆直径，故制动转矩与循环圆直径成正比．

图 5 样机 1，2 的转矩拟合曲线

3． 2． 2 单位倾角
样机 2，4，5 的单位倾角分别为 0． 500°，0． 444°，

0． 520°． 在转速一定即( 1 000 ± 10 ) r·min －1时，样

机 2，4，5 的制动转矩如表 1 所示，不同单位倾角对

制动转矩有影响．

表 1 同一转速下样机 2，4，5 的制动转矩
样机 单位倾角 / ( ° ) 制动转矩 / ( N·m)

样机 2 0． 500 6 109． 1

样机 4 0． 444 4 296． 0

样机 5 0． 520 5 017． 0

3． 2． 3 弦节比
根据式( 1) 计算可得样机 2，3 的弦节比分别为

l2 /b2 = 1． 13，l3 /b3 = 1． 148．样机 2，3 的转矩拟合曲
线如图 6 所示，拟合系数均达到 0． 9 以上，相关性较
高．从图 6 可以看出:在 800 r·min －1以下，样机 2，3
的转矩相差不大，超过 800 r·min －1后，在相同转速

下，样机 3 的转矩比样机 2 的大．样机 2 的弦节比比
样机 3 的小，故弦节比大时，转矩较大．

图 6 样机 2，3 的转矩曲线

3． 3 油 温

对温度 t进行量纲一处理，tt0
，t0 为油温变化范

围，根据前期试验的结果油温的变化范围在所有工

况下为 30 ～ 130 ℃，故 t0 的值为 100．不同转速下的
量纲一油温的转矩曲线如图 7 所示，随着量纲一油
温逐渐增加，转矩逐渐增加．

图 7 量纲一油温的转矩散点图

4 各准则数与制动转矩的关系

根据样机 1 的转速与转矩试验，转矩与普朗特
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数、雷诺数之间的关系分别如图 8 所示．

图 8 转矩与普朗特数、雷诺数的散点图

普朗特数是一个由流体物性参数组成的准则

数，表征流体的物性对液力缓速器转矩的影响．从图
8 可以看出:转矩与普朗特数成反比，随着普朗特数
增加而降低．
雷诺数是表征流体受迫流动状态的准则，雷诺

数越大，表明工作介质的受迫流动越剧烈，制动转矩

越大．从图 8 可以看出制动转矩是随着雷诺数的增
加而增大的．
从图 4 可知随着工作腔内油压增加，制动转矩

增加．欧拉数主要反映压力对流体流动影响的准则
数，流体的流动要有压差作为推动力，藉以克服流体

阻力，故液力缓速器制动过程的驱动力来源于工作

腔工作介质的压力差．

5 结 论

1) 液力缓速器准则函数由雷诺数、普朗特数、
欧拉数、单位倾角和弦节比组成．

2) 通过试验可知: 随着转速的增加，不同工作
介质制动时制动转矩均增大;在相同转速下，机油的

制动转矩比空气的制动转矩高; 制动转矩与循环圆

直径成正比; 3 台样机中单位倾角为 0． 500°时制动
转矩最大;弦节比大，转矩较大; 随着量纲一油温逐

渐增加，转矩逐渐增加．
3) 在工作介质一定的情况下，转矩与普朗特数
成反比，随着普朗特数增加而降低; 雷诺数越大，表

明工作介质的受迫流动越剧烈，制动转矩随着雷诺

数的增加而增大;随着工作腔内油压增加，制动转矩

增加，液力缓速器制动过程的驱动力来源于工作腔

工作介质的压力差．
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基于台架检测汽车滚动阻力的修正模型

林彩霞 1 刘浩学 2 杨小刚 3

（1.华南农业大学；2.长安大学；3.邢台职业技术学院）

【摘要】通过研究底盘测功机台架与实际道路的滚动阻力之间存在的差异，以及对车轮在台架上滚动阻力的分
析，建立了车辆台架检测滚动阻力修正模型。以某型汽车为例，对该模型进行了台架对比试验验证。利用该模型求得

检测车辆在任意滚筒直径的底盘测功机上的加载功率，其精度满足测功机检测规程中的规定。

主题词：滚动阻力 底盘测功机 修正模型

中图分类号：U467.1+2 文献标识码：A 文章编号：1000－3703（2010）04－0046－04

Revising Model of Automobile Rolling Resistance based on Bench Test
Lin Caixia1, Liu Haoxue2

（1.South China Agricultural University; 2. Chang'an University; 3.Xingtai Polytechnic College ）

【Abstract】By studying the difference of rolling resistance between chassis dynamometer bench and road, and
analyzing the rolling resistance of wheels on bench, a revising model to test rolling resistance of vehicle bench is built.
The paper takes a vehicle as example to compare and test the model with stand. With the aid of this model, loading power
of the tested vehicle on the chassis dynamometer with random barrel diameter is obtained with accuracy in compliance
with the requirement of dynamometer test regulation.

Key words：Rolling resistance, Dynamometer, Revising model

1 前言

汽车底盘测功机是一种根据相似理论模拟车辆

在道路上实际行驶工况、 进行不解体检验车辆性能
的室内台架检测设备。 该设备利用滚筒代替路面，
由加载装置模拟车辆在平直道路上行驶时受到的空

气阻力和滚动阻力；当汽车加速或滑行时，用惯性模
拟系统即飞轮或交直流电机来模拟惯性阻力。因此，
在底盘测功机上能测试汽车底盘输出功率、 最高车
速、加速时间和滑行距离等，以此判定汽车的动力性
及底盘技术状况。 同时由于底盘测功机可模拟道路
行驶工况及方便地对试验车辆加载， 故可在测量尾
气排放和燃油消耗时作为车辆的外部负荷。 为使底
盘测功机检测结果更接近车辆实际运行情况, 本文
针对在台架上进行排放检测时滚动阻力存在的问

题，在对台架和道路的滚动阻力分析的基础上，建立
了滚动阻力修正模型，减小了测试数据误差。

2 工况法加载中存在的问题

GB18285—2000 《在用车排气污染物限值及测
试方法》中要求采用加速模拟工况试验法（ASM 法）
测试汽车排放性能， 用该方法检测时需对测功机进
行加载计算，该标准给出了滚筒直径为 218 mm（下

称小滚筒）时，在 ASM5025 工况与 ASM2540 工况下
测功机的加载量，分别用 P5025-2和 P2540-2表示。 对于
同一辆被检测车辆来说， 在滚筒直径不同的测功机
上加载量的大小差异主要反应在滚动阻力损耗上，
因此任意滚筒直径的测功机以滚筒直径为 218 mm
为基准进行加载，计算如下：

P5025=P5025-2+Pf5025-2-Pf5025 （1）
P2540=P2540-2+Pf2540-2-Pf2540 （2）

式中 ，P5025、P2540 分别为任意滚筒直径的测功机在

ASM5025 工况和 ASM2540 工况下设定的功率值；
Pf5025-2、Pf2540-2分别为小滚筒的测功机在 ASM5025 工
况和 ASM2540 工况下与滚筒表面摩擦损失功率；
Pf5025、Pf2540 分 别 为 任 意 滚 筒 直 径 的 测 功 机 在

ASM5025 工况和 ASM2540 工况下与滚筒表面摩擦
损失功率。
上两式中，P5025-2、P2540-2为已知量，为了计算出任

意滚筒直径的加载量，在 GB18285—2000《在用车
排气污染物限值及测试方法》 中给出了某型号轮胎
在任意直径滚筒表面滚动损失功率的计算公式。 但
是利用此公式计算时， 对不同轮胎型号有不同的系
数值， 需要利用反拖或滑行的方法进行现场测试以
确定系数，制约了检测线的检测效率，实际应用意义
不大。 为提高设备的检测精度及降低成本， 必须探
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索简易、方便且能满足一定精度要求的加载方法，这
是本文的主要论述内容。

3 滚动阻力修正模型

3.1 滚动阻力分析
车轮在道路和滚筒上滚动时， 轮胎与道路和滚

筒接触区域产生法向、 切向的相互作用及相应的轮
胎变形力。 此时由于轮胎有内摩擦产生弹性迟滞损
失，使轮胎所做的功不能全部回收。
如图 1 所示，OCA

（

、ADE

（

分别为加载变形曲线和

卸载变形曲线，显然两曲线并不重合，面积之差则为
加载与卸载过程的能量损失。 此能量消耗在轮胎各
组成部分相互之间的摩擦以及橡胶、 帘线等物质的
分子间的摩擦，最后转化为热能而消失在大气中，这
种损失即为弹性物质的迟滞损失， 表现为阻碍车轮
滚动的一种阻力偶，也就是汽车的滚动阻力。

图 1 轮胎弹性迟滞曲线

3.1.1 汽车在台架上的滚动阻力分析
当车轮在台架上不滚动时， 滚筒对车轮的法

向反作用力的分布是前后对称的； 但当车轮滚动
时 ，在连线 O1O2（见图 2）前后作用力相对应点 d
和 d′的变形虽然相同 ， 但由于存在弹性迟滞现
象， 处于压缩过程的前部点 d 的法向反作用力就
大于处于恢复过程的后部点 d′的法向反力，如图
2 所示。从图 1 也可看出，设同一变形量为 δ，压缩
时的受力为 CF，恢复时的受力为 DF，而 CF 大于
DF，这样使得前 、后滚筒对轮胎法向反作用力的
分布并不对称，反作用力的合力 FN1 和 FN2 以滚筒

中心为原点向前偏斜了一定角度。 设前滚筒偏斜
了 γ 角，后滚筒偏斜了 β 角，其偏斜角度的大小与
轮胎的结构 、材料 、气压 、载荷 、磨损程度和车速
有关。当轮胎变形增大时，滚筒偏斜角也随着轮胎
弹性迟滞损失的增大而增大。 由于偏斜角的存在
使接触面上的合力 FN1 和 FN2 的作用点相对于

O1O2 和 O1O3 连线向前移动的距离分别为 l1=γ·r
和 l2=β·r[1]（见图 3）。

图 2 车轮在滚筒上滚动时接触面上压力分布示意

图 3 驱动轮与滚筒的受力示意

为分析方便， 将研究对象取分离体， 即将合力
FN1和 FN2分别分解成平行于 O1O2和 O1O3连线的支

反力 FZ1和 FZ2（见图 3），以及垂直于 O1O2和 O1O3连

线的滚动阻力 Ff1和 Ff2。 为使车轮能在滚筒上匀速
滚动，必须在车轮上施加驱动力矩 TT以克服滚动阻

力和支反力对车轮造成的阻力矩。
由平衡条件[2]得：

对 O1取矩有：
TT=Ff1·R+FZ1·l1+Ff2·R+FZ2·R （3）

对 O2取矩有：
FZ1′l1=Ff1′·r （4）

对 O3取矩有：
FZ2′·l2=Ff2′·r （5）

又

Ff1=-Ff1′，Ff2=-Ff2′，FZ1=-FZ1′，FZ2=-FZ2′ （6）
对上述方程联立求解得

TT=（Ff1+Ff2）·（R+r） （7）
令（Ff1+Ff2）=Ff′为车轮滚动的总阻力，根据汽车

理论，汽车在滚筒上受到的滚动阻力为:
Ff′=（FZ1+FZ2）·f ′ （8）

支反力与轴重有如下关系：
FZ1=FZ2=W/2cosθ （9）

而

θ=arccos 1-（ L
2（R+r） ）

2姨 （10）
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Ff′=W·f ′ 1-（ L
2（R+r） ）姨 2 （11）

式中，W 为轴重；L 为滚筒中心距；R 为轮胎静力半
径；r 为滚筒半径；θ 为滚筒中心距与滚筒径向载荷
作用方向之间的夹角，即安置角；f ′为台架滚动阻力
系数。
3.1.2 汽车在道路上的滚动阻力分析
由汽车理论得滚动阻力 Ff=W·f [3]，又因道路的

曲率半径很大，可近似看成平面，因此汽车在道路上
受到的滚动阻力不受安置角的影响。 由于路面材料
和滚筒材料不同， 因此同一轮胎在相同轴载的情况
下，在道路和滚筒上的滚动阻力系数不同。 安置角、
滚动阻力系数的不同是造成台架与道路滚动阻力不

同的根本原因。 因此， 在实际应用中不能简单地用
汽车在道路上的流动阻力代替台架上的滚动阻力。
3.2 修正模型的建立
在检测汽车排放性能过程中， 检测结果受到多

方面因素的影响， 为了提高检测精度必须考虑不同
因素的影响程度。 汽车在台架上检测时， 一般都是
空载，且轴荷一定，则主要影响因素是轮胎气压，而
轮胎气压的增加会使滚动阻力和行驶阻力均减小。
因此为保证台架检测结果的精度， 在进行动力性检
测时， 必须保证汽车具有标准轮胎气压。 但是在检
测站上不可能保证所有检测车辆都是标准轮胎气

压，因此对非标准轮胎气压应给以修正[4，5]。
在台架上， 滚动阻力系数随轮胎气压和车速变

化的经验关系式为：
f ′=（8.575×10-3-1.625×10-7p）+
（2.195×10-4-2.72×10-7p）·v （12）

式中，p为检测轮胎气压；v为车速。
式（12）表明，滚动阻力系数由 2 部分组成：第

1 部分（8.575×10-3-1.625×10-7p）表示低速时阻力系
数与轮胎气压成反比，第 2 部分（2.195×10-4-2.72×
10-7p）·v 表示阻力系数在既定的轮胎气压时随车速
变化的增量，在给定的轮胎气压下，滚动阻力系数随
车速的增加而增大。 对任一车辆， 若已知轮胎气压
和检测时的车速即可求出当时的滚动阻力系数，然
后代入式（11）可得到滚动阻力的修正模型：

F′f =W[（8.575×10-3-1.625×10-7p）+（2.195×10-4-

2.72×10-7p）·v] 1-（ L
2（R+r） ）

2姨 （13）

为验证该模型的有效性， 以金龙 XML6402车为
例进行试验，其轮胎气压为 300 kPa，轴重为 585 kg，用
反拖法和模型计算得到的滚动阻力值如表 1所列[6]。

表 1 反拖法和模型计算得到的金龙 XML6402 车滚动阻力

由表 1 可知，2 种计算结果相差最大值为 4.5
N， 除在车速为 20 km/h 和 50 km/h 时两者相差较
大外，其它车速下均相差不大，计算结果均满足精
度要求，证明了该模型的可行性。

4 修正模型的应用

将式（13）代入式（1）和式（2），则得出任意滚筒
直径的测功机在 ASM5025 工况和 ASM2540 工况下
的加载功率计算公式：

P5025=P5025-2+
W·v
3 600 f ′[ 1

1-（ L1

2（R1+r）2
）姨
-

1

1-（ L2

2（R2+r）2
）姨
] （14）

P2540=P2540-2+
W·v
3 600 f ′[ 1

1-（ L1

2（R1+r）2
）姨
-

1

1-（ L2

2（R2+r）2
）姨
] （15）

式中，L1、R1分别为小滚筒的中心距和半径；L2、R2分

别为其它滚筒的中心距和半径。
式（14）和式（15）的物理意义为：公式中第 1 部

分 P5025-2和 P2540-2为小滚筒时需加载的功率；第 2 部
分为检测车辆在小滚筒上受到滚动阻力的损耗功率

与在任意滚筒直径上的差值。 当已知汽车的基准质
量（即汽车的整备质量加上 100 kg）、轴重 W（在检
测线上可以用轴重仪测出）、测功机给定的已知参数
（L1、R1，L2、R2）、气压 p（用气压表测出）、车速 v（转速
表测得）、轮胎半径 r（由轮胎规格计算得）时，根据
式（14）和式（15）可求出所有检测车辆在任意滚筒直
径的底盘测功机上的加载功率。 因此， 在工况法测
试汽车排放时，可不用现场反拖或滑行，利用上述方
法即可快速、方便地求解加载功率，极大地提高了检
测效率。

5 结束语

本文以金龙 XML6402 车为试验对象进行台架
试验，建立了台架检测滚动阻力修正模型，其精度满

车速/km·h-1 20 30 40 50 60 70 80 90
滚
动
阻
力
/N

反拖法 86.6 92.9 100.3 108.0 9 120.4 131.9 143.3 154.8

模型计算 82.9 93.1 103.2 113.4 123.5 133.7 143.8 153.9

差值 3.7 0.2 2.9 4.5 3.1 1.8 0.5 0.9

·试验·测试
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5 修改前、后排气系统与试验结果对比

修改前、后排气系统分别如图 19和图 20 所示。

图 19 修改前排气系统示意

图 20 修改后排气系统示意

按改进方案 2设计排气系统并进行试验， 测得
该汽油机的外特性功率和扭矩曲线， 并与原方案进
行比较， 发现该发动机的外特性功率和扭矩确实有
所提高，结果如图 21 和图 22所示。 此外，与原方案
相比，改进方案燃油消耗率曲线更加平坦，低油耗范
围扩大，尤其是在高转速范围内，油耗上升不大，如
图 23所示。

图 21 改进方案 2 与原方案功率对比曲线

图 22 改进方案 2 与原方案扭矩对比曲线

图 23 改进方案 2 与原方案燃油消耗率对比曲线

6 结束语

利用 AVL BOOST 软件对某汽油机建立了一维
不稳定模拟计算模型，并对原方案进行了模拟计算。
发现原方案未能达到预期性能目标， 将排气歧管的
连接方式由 4-1 接法改为 4-2-1 接法。 经过模拟计
算发现， 主要工作段内发动机进气歧管气体流量有
了显著增加， 且排气背压增加不大。 试验验证表明
该发动机的外特性功率和扭矩确实有所上升， 达到
了预期目标值，达到优化目的。
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足测功机检测规程中的规定。 该模型对一般车辆检
测具有同样的参考价值， 利用该模型可确定工况法
测试汽车尾气排放时在不同底盘测功机上的加载功

率，方法简便、准确，对汽车检测站的尾气检测具有
较好的实用性。
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液力缓速器能量耗散方程的建立 *
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摘要：液力缓速器是把车辆的动能转化为工作介质的热能，实现平稳刹车的一种辅助制动装置。 因其作用过程制动转

矩大、过程平稳、寿命长、散热性能好等特点，在重载、高速运行的车辆上应用广泛。 文中通过分析液力缓速器工作介质的

流动特性，对工作介质微团所受的作用力进行分析，基于欧拉束流理论建立液力缓速器能量耗散方程，得出液力缓速器制

动转矩的值取决于摩擦功的大小，而摩擦功与工作介质的粘度及应变速率的平方成正比。 最后指出液力缓速器机械设计

的核心在于限制工作介质的流态，为液力缓速器设计计算奠定理论基础。

关键词：液力缓速器；内部流动特性；能量耗散方程

中图分类号：U463．53 文献标识码：A 文章编号：1001-2354（2014）03-0080-05

在大卡车、频繁制动的公交车中，由于摩擦式制动

器长时间连续制动产生热衰退导致制动失效和制动性

能大幅下降，并引发事故，该事故占所有事故的比例分

别超过 20％和 40％。 如何在最大能量区把车辆的能量

消耗掉，汽车需要辅助制动器。 目前，汽车上安装的辅

助制动器有电涡流缓速器和液力缓速器， 电涡流由于

同样会产生热衰退而导致制动力下降， 满足不了车辆

高速、 重载制动的需要， 因此逐渐被液力缓速器所取

代。 液力缓速器因其制动件磨损小、寿命长、制动转矩

大、过程平稳、不会产生热衰退、散热性能好等特点，其

技术装置在国外普遍应用。

我国从 20 世纪 80 年代开始，就有众多的专家学
者对液力缓速器进行了理论和试验研究，如吉林大学

陈波 ［1］、高博麟 ［2］、李涛 ［3］、李雪松 ［4］，北京理工大学魏

巍等人［5］、闫清东等人［6］，江苏大学何仁等人［7］、严军等

人 ［8］，武汉理工大学冯宜彬等人 ［9］对液力缓速器进行

了试验、仿真、数值模拟分析计算和设计。 近 20 年在
国内也形成了多家液力缓速器制造商，但国内生产的

液力缓速器，在相同参数和工况的情况下，出现制动

转矩比国外的产品低、密封性能不好、漏油等现象，阻

碍了液力缓速器产业化进程的发展。 其根本原因是由

于对液力缓速器制动过程中的机理等仍不清楚，缺乏

对液力缓速器设计计算的正确指导理论。 因此，文中

通过分析液力缓速器工作介质的流动特性，建立液力

缓速器能量耗散方程，为液力缓速器设计计算奠定了

理论基础。

1 液力缓速器的结构及工作原理

液力缓速器的结构主要由定轮、动轮、工作介质、

油池、供油管路、热交换器及比例阀等组成，安装在后

桥与变速箱之间，液力缓速器的结构如图 1所示。

定轮和动轮对置， 形成工作腔经阀门和供油管路

相通。液力缓速器的控制介质是压缩空气，由控制器进

行控制， 比例阀根据控制器给予的信号强弱对油池产

生一个气动压力， 该压力会根据工作状况向动轮和定

轮之间的工作腔压入一定量的工作介质， 工作介质通

过动轮的转动而进入运动状态， 在动轮和定轮之间以

闭合的循环流动方式旋转，组成循环圆。工作介质有两

个方向的运动———绕变速箱输出轴的轴向“公转”和绕

循环圆的径向“自转”，工作介质甩向定轮时，工作介质

图 1 液力缓速器结构示意图

1 热交换器；2 比例阀；3 壳体；4 排气阀；5 定轮；

6 传动轴与法兰盘；7 动轮；8 前盖；9 油池

9

1
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的“公转”对定轮叶片产生冲击作用，将动轮作用于工

作介质的动量矩传递到定轮叶片上，同时，固定的定轮

叶片会对工作介质产生一个反向作用的动量矩， 工作

介质流出定轮再流入动轮时， 对动轮产生一个反作用

力，该反作用力在限制动轮转动的同时，产生热量使工

作介质温度升高，从而实现对车辆的减速作用，该过程

遵循能量守恒原理。

2 工作介质的流动特性

根据牛顿粘性应力公式［10］：

τxy =ηγ觶 （1）
式中：τxy———切应力，N；

η———粘度，Pa·s；

γ觶———切应变速率。

从式（1）中可以看出，切应力 τxy 与粘度 η及切应

变速率γ觶成正比，液体粘性愈大，切应变速率愈大，其流
动所需的力愈大，流动时产生切应力也愈大，停止流动

也愈快。液力缓速器的工作介质一般为机油，在标准大

气压下机油的粘度如表 1 所示。

机油为石油产品，在压力不高的情况下，其体积变

化十分微小，基本可以忽略不计，一般可以认为机油是

不可压缩的。因此，机油在液力缓速器内部的流动是不

可压缩的粘性流动，液力缓速器能实现制动，就是由于

机油的粘性流动产生的切应力。

3 液力缓速器能量耗散方程的建立

3．1 工作介质微团内部的受力分析
基于欧拉束流理论， 由于工作介质在液力缓速器

里的流动是受迫流动， 重力作用的影响较之压力作用

的影响要小得多，因此忽略重力的影响，只考虑作用在

微团界面上的力。从工作介质中取出正六面微元体，如

图 2所示。

在垂直于 x轴的两个外表面上， 分别作用有应力

Fx和 Fx+ 鄣Fx

鄣x dx， 下标 x 表示应力向量 F 作用在与 x

轴垂直的微元面上。由此可得分别作用在垂直于 x轴、

y 轴和 z 轴的微元面上的表面力的合力为： 鄣Fx

鄣x dxdy-

dz， 鄣Fy

鄣y dxdydz， 鄣Fz

鄣z dxdydz，于是可得作用于单位容积

的表面力的合力为：

F= 鄣Fx

鄣x + 鄣Fy

鄣y + 鄣Fz

鄣z （2）

式（2）中Fx，Fy，Fz都是向量，还可以把它们沿 3 个
坐标方向分解，即分解成正应力 σ 和平行于各微元面
的切应力 τ， 则分别作用于与 x 轴、y 轴和 z 轴垂直的
微元面上的应力 Fx可分解为：

Fx=σx i+τxy j+τxzk

Fy=τyx i+σy j+τyzk

Fz=τzx i+τzy j+σzk （3）
式中：i，j，k———单位向量。

下标规定如下： 正应力 σ 的下标代表应力的方
向， 切应力 τ的第 1个下标代表切应力所在平面的外
法线方向，第 2 个下标代表切应力的方向，如 τxy 表示

作用在与 x轴垂直的平面上沿 y向的切应力。由式（3）
可以看出， 要完全描述微元体的应力， 需要有 9 个分
量，表示为：

πij=

σx τxy τxz

τyx σy τyz

τzx τzy σz

鄣
鄣鄣
鄣

鄣
鄣鄣
鄣

（4）

由式（2）、式（3）和式（4）得微元体的表面力公式
如下：

F=（ 鄣σx

鄣x + 鄣τyx

鄣y + 鄣τzx

鄣z
）i+（ 鄣τxy

鄣x + 鄣σy

鄣y + 鄣τzy

鄣z
）j+

（ 鄣τxz

鄣x + 鄣τyz

鄣y + 鄣σz

鄣z
）k （5）

3．2 工作介质微团的速度分析
工作介质微团 A（x，y，z）在 t时刻的速度向量为：
vA（x，y，z，t）＝uA（x，y，z，t）i＋vA（x，y，z，t）j＋wA（x，y，z，t）k

式中：u，v，w———i， j，k 三个方向的速度分量。

表 1 标准大气压力下机油的粘度

t/℃ η/（Pa·s）

0 3．848 23

20 0．799 41

40 0．210 25

60 0．072 49

80 0．031 95

100 0．017 05

图 2 工作介质微元体的受力分布图

τxz
τxy

Fx+ 鄣Fx

鄣x dx

σx
z

o

y

x

B

dz

dy

Fx

dx
A（x，y，z）
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同一时刻在另一点 B（x＋dx，y＋dy，z＋dz）的速度可
以用泰勒级数对点 A（x，y，z）展开：

vB（x＋dx，y＋dy，z＋dz，t）=vA（x，y，z，t）+

（ 鄣V
鄣x

）Adx＋（ 鄣V鄣y
）Ady＋（ 鄣V鄣z

）Adz=

［uA＋（ 鄣u鄣x
）Adx＋（ 鄣u鄣y

）Ady＋（ 鄣u鄣z
）Adz］i＋

［vA＋（ 鄣v鄣x
）Adx＋（ 鄣v鄣y

）Ady＋（ 鄣v鄣z
）Adz］j+

［wA＋（ 鄣w鄣x
）Adx＋（ 鄣w鄣y

）Ady＋（ 鄣w鄣z
）Adz］k （6）

可见，B 点的速度可以用 A 点的速度及 9 个速度
分量的偏导数来表示，这 9个量组成速度导数张量，用
D表示，即：

D=

鄣u
鄣x

鄣u
鄣y

鄣u
鄣z

鄣v
鄣x

鄣v
鄣y

鄣v
鄣z

鄣w
鄣x

鄣w
鄣y

鄣w
鄣z

鄣
鄣
鄣
鄣
鄣鄣
鄣

鄣
鄣
鄣
鄣
鄣鄣
鄣

（7）

将 3 个速度分量（u，v，w）分别记为 u1，u2，u3，坐标

轴（x，y，z）分别记为 x1，x2，x3，则式（7）表示为：

dij＝ 鄣ui

鄣xj
（i，j＝1，2，3） （8）

根据张量分解定理 ［11］，可将此张量分解为一对称

张量 S与一反对称张量 C之和，即
di j=Si j+Ci j （i，j＝1，2，3）

式中：Sij= 1
2
（ 鄣ui

鄣xj
+ 鄣uj

鄣xi
） （i，j＝1，2，3） （9）

Sij称为应变变化率张量，式（1）可表示为：
τxy=2ηsyx （10）
由于不可压缩流体广义牛顿粘性应力公式［12］为：

πij＝
η（ 鄣ui

鄣xj
＋ 鄣uj

鄣xi
） （i≠j）

2η 鄣ui

鄣xj
－P （i＝j

≠
≠
≠
≠
≠ ）

（11）

式中：P———工作介质微团受到的压力，Pa。

又因粘性应力张量 mij ＝2ηsij（i，j＝1，2，3），πij用 mij

表示得：

πij＝mij-pδij，δij=
1 （i≠j）

0 （i＝j
≠

）
（i，j＝1，2，3） （12）

将式（4）和式（11）进行比较，可写出各应力分量的
公式：

σx=2η 鄣u鄣x -P

σy=2η 鄣v鄣y -P

σz=2η 鄣w鄣z -

≠
≠
≠
≠
≠
≠
≠ P

τxy=τyx =η（ 鄣u鄣y + 鄣v鄣x
）

τxz=τzx =η（ 鄣u鄣z + 鄣w鄣x
）

τzy=τyz =η（ 鄣v鄣z + 鄣w鄣y

≠
≠
≠
≠
≠
≠
≠ ）

（13）

3．3 液力缓速器能量耗散方程的建立
在以上分析的基础上， 建立液力缓速器能量耗散

方程。以单位质量工作介质作为研究对象，工作介质是

不可压缩流体，体积膨胀率 鄣ui

鄣xi
=0，单位时间的膨胀功

为零。 由牛顿第二定律：在惯性系中，流体微元的质量

与加速度的乘积等于该微元体所受外力的合力， 则运

动方程可写成向量的形式：

ρ dVdt =F （14）

式中：ρ———密度，kg/m3。

把式（2）代入上式，得：

ρ dudt = 鄣σx

鄣x + 鄣τyx

鄣y + 鄣τzx

鄣z

ρ dvdt =
鄣σy

鄣y + 鄣τxy

鄣x + 鄣τzy

鄣z

ρ dwdt = 鄣σz

鄣z + 鄣τxz

鄣x + 鄣τyz

鄣y

≠
≠
≠
≠
≠
≠
≠

（15）

因此，单位质量工作介质的动能随时间的变化率为：

ρ d
dt

（ρ u
2+v2+w2

2
）=u（ 鄣σx

鄣x + 鄣τyx

鄣y + 鄣τzx

鄣z
）+

v（ 鄣σy

鄣y + 鄣τxy

鄣x + 鄣τzy

鄣z
）+w（ 鄣σz

鄣z + 鄣τxz

鄣x + 鄣τyz

鄣y
） （16）

同样将 3 个速度分量（u，v，w）分别记为 u1，u2，u3，

坐标轴（x，y，z）分别记为 x1，x2，x3，则式（16）可变为：

d
dt

（ 1
2

3

i＝1
Σu2

i）＝ 1
ρ

3

i，j＝1
Σui

3

i，j＝1
Σ鄣πij

鄣xj
（17）

又根据ui

3

i，j＝1
Σ鄣πij

鄣xj
= 鄣（πijui）
鄣xj

-πij
鄣 ui

鄣xj
和式 （12），上

式（17）可写成：

d
dt

（ 1
2

3

i＝1
Σu2

i）＝ 1
ρ

3

i，j＝1
Σ 鄣（mjiui）

鄣xj
- 鄣（pui）
鄣xi

-mji
鄣ui

鄣xj
Σ Σ （18）

式（18）即为液力缓速器的能量耗散方程 ，右边
第 1项是单位时间内切应力对运动着的单位质量工作
介质所输运的机械能， 该机械能由车辆的惯性能量输

入； 第 2 项是单位时间内压力对单位质量工作介质所
做的功，即流动功；第 3项是单位时间内切应力所做的

摩擦功 mji
鄣ui

鄣xj
。由于摩擦功的存在，使车辆的惯性能量

不断消耗。 又由于 鄣ui

鄣xi
=0，故摩擦功为：
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mji
鄣ui

鄣xj
= η
2
（ 鄣ui

鄣xj
+ 鄣uj

鄣xj
）2 （j，i＝1，2，3） （19）

式中：mji———粘性应力张量。

从式（19）可以看出，摩擦功与工作介质的粘度及
应变速率的平方成正比， 液力缓速器制动转矩的值取

决于摩擦功的大小。

4 台架试验验证

4．1 台架试验装置
液力缓速器工况试验台的组成：液力缓速器；工况

控制柜； 模拟车辆惯性输入的驱动电机 （长沙电机厂

YSP315L2－2）和飞轮组，该飞轮组可以模拟 20 t 车辆
减速的过程；转矩转速传感器（湘仪动力测试仪器有限

公司 JC3A 型转矩转速传感器）；散热水箱等。 分别采
用机油和空气进行制动。

4．2 试验结果分析
图 3 是采用机油进行制动的转矩曲线， 从图3 可

以看出液力缓速器的转矩随着转速的增加而升高，在

转速为 226～400 r/min 时，转矩上升比较慢，当转速大
于 400 r/min后，转矩上升较快。随着转速的增加，制动
转矩愈高。

空气制动即液力缓速器空转时产生的制动转矩，

如图 4所示。空气有一定的粘度，故空气在液力缓速器
空载时的运动也是粘性运动，从图 4中可以看出，随着
转速的增加，该制动转矩也是逐渐升高的，在900 r/min
时制动转矩在 70～80 N·m之间。

由上面的试验结果可以看出液力缓速器的制动转

矩与工作介质的粘度及转速有关， 其值取决于摩擦功

的大小。 当转速较低时，对工作介质的扰动较小，工作

介质的流动速率小，摩擦功较小，故耗散的机械能少。

工作介质的流动速率逐渐增大，摩擦功增大，故耗散的

机械能愈多。

5 结论

液力缓速器的能量耗散方程揭示了液力缓速器

制动的根本原因就是工作介质的切应力所做的摩擦

功， 把流体运动的机械能不可逆地转换为热能而消

耗。 在制动过程中，基于能量守恒原理，工作介质的温

度必然升高， 而粘度随着温度的升高而变得很小，因

此，液力缓速器产生的制动转矩主要受切应变速率即

工作介质运动速率的影响，与工作介质形成的运动密

切相关。 在高速时制动，工作介质运动速率高，应变速

率大，摩擦功大，制动转矩高；而在低速时，应变速率

小，制动转矩也小。 故机械设计的核心在于限制工作

介质的流态。
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Setting of hydraulic retarder energy dissipating formula

LIN Cai-xia，ZHAO Xu-fei
（College of Engineering，South China Agricultural University，

Guangzhou 510642，China）

Abstract：The hydraulic retarder is auxiliary brake equipment

that turns the moving energy to the heat to brake placidity． It has

the advantage of big torque，placidity，good heat disperse and long

life so it is widely used in heavy，high speed vehicle． Energy dissi-

pating formula of hydraulic retarder was set up in the paper by an-

alyzing the working medium flow characteristic and the force of the

working medium micro point，on the base of Eula theory，which

drew a conclusion that the torque of hydraulic retarder was decided

by the friction work which had relation with the working medium

and the strain rate square． Last the paper points to the core of the

mechanism design is to limit the flow form of working medium and

settles the theory foundation of the hydraulic retarder design．

Key words：hydraulic retarder；inner flow characteristic；ener-

gy dissipating formula
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基于 Unity3D的加油车虚拟训练系统设计 *

郭芮 1，蒋明 1，郑劼恒 1，杨宝锋 2

（1．后勤工程学院 军事供油工程系，重庆 401311；2．92872 部队，辽宁 绥中 125200）

摘要：为提高越野群车加油车操作人员培训的效率和水平，节约训练成本，运用三维建模软件和 Unity3D游戏制作引擎

对加油车虚拟训练系统进行设计。 设计过程包括系统整体框架规划，以加油车后操纵室操作面板的仪表驱动为例探讨了此

系统的实现机制，包括三维建模、模型导入、环境设置、脚本驱动等，阐明了此系统发布运行和运用局域网互联的原理。 从整

体上设计了单机平台、支持局域网互联的虚拟训练系统。 该系统以加油系统理论和数学模型为基础，综合运用三维建模软

件和游戏制作引擎，不仅满足了后勤保障人员虚拟训练的要求，也可以为其他装备的虚拟训练研究提供借鉴意义。

关键词：加油车；Unity3D；虚拟训练

中图分类号：TP391．9 文献标识码：A 文章编号：1001-2354（2014）03-0084-04

越野群车加油车是我军油料加注骨干装备， 具有

展开撤收方便、机动能力强、加油迅速等优点。 但是其

实装训练的效果往往因受到场地、天气、经费、安全等

因素制约而难以保证。 在新时期我军大力推进现代化

建设的背景下， 探索更加科学有效的训练方法意义重

大［1－3］。

模拟训练是装备训练的新途径新方法， 在油料装

备领域，已经有野战输油管线模拟训练系统研制成功，

该系统是半实物仿真训练系统， 提高了野战输油管线

教学训练的水平和效益［4］。 但是加油车体积大，操作部

位、操作人员、操作环节多，采用半实物仿真成本高，不

能实现费效比最小化。 因此有必要研制基于 PC 平台
的虚拟训练系统，使得受训者可以“足不出户”在机房

里完成训练。

近年来“光荣使命”等 FPS 类游戏在部队官兵中
产生了轰动效应和良好的沉浸式训练效果。 如果能够

运用游戏制作引擎开发加油车训练系统， 模拟第 1 人
称视角控制等游戏操作方式， 官兵可以在近似实战的

虚拟环境中完成装备的训练，既能体验类似游戏的愉

悦，又能提高训练水平。而 Unity3D 是一款跨平台的专
业游戏引擎，用它创建的游戏可以在浏览器、移动设

备乃至游戏机等几乎所有常见的平台上运行。 其简洁

易用的界面和强大的功能，以及近年来对 iPhone 和i-
Pad平台的支持使其成为业界主流游戏引擎［5］。

文中以 Unity3D 为平台，结合三维建模软件，阐述
加油车虚拟训练系统的实现机制。

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
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液力缓速器制动系统的能效分析 *

林彩霞，李长友，赵旭飞
（华南农业大学 工程学院，广东 广州 510642）

摘要：针对液力缓速器能量耗散特征，建立液力制动系统 平衡方程，通过 效率分析，揭示液力缓速器内流场能量

转换与传递，为液力缓速器制动性能的优化设计提供能效分析方法及理论基础。

关键词：液力缓速器；制动系统； 平衡方程；能效分析

中图分类号：U463．53 文献标识码：A 文章编号：1001-2354（2015）08-0017-04

Energy efficiency analysis of hydrodynamics retarder brake system

LIN Cai-xia，LI Chang-you，ZHAO Xu-fei
（College of Engineering，South China Agricultural University，Guangzhou，510642）

Abstract：In view of the energy dissipation characteristics of hydraulic retarder brake system，this paper establishes an ex-

ergy balance foundations for analysis of exergy efficiency． The analysis reveals the essence of hydrodynamics retarder inner flu-

ent field energy transferring nature，provides energy efficiency analysis method and theory foundation for improving the braking

performance and optimizing design of hydrodynamics retarder．

Key words：hydrodynamics retarder；brake system；exergy balance foundations；energy efficiency analysis

液力缓速器是把汽车的动能转化为工作介质热能

的辅助制动装置，因其制动件磨损小、寿命长、制动转

矩大、过程平稳、不会产生热衰退、散热性能好等特点，

其技术装置在国外普遍应用［1］。 在我国虽然也有应用，

但基本上是国外的产品，价格昂贵。

多年来，国内的专家、学者致力于液力缓速器的国

产化，针对液力缓速器的结构、制动机理、设计方法等

问题展开了诸多研究。如基于一维束流，把油液在液力

缓速器内部的三维流动简化为二维流动或者一维流

动，再用试验的方法进行修正，建立相应的液力缓速器

部分充液工况制动转矩液力计算数学模型 ［2－5］。 利用

Fluent 等流体力学软件对液力缓速器内部流场进行数
值分析与计算发现， 液力缓速器内部压力从循环圆中

心到外环， 压力逐渐增大， 湍动能的分布在涡旋处较

大，在流道固壁处较小 ［6－7］，以及在改变液力缓速器充

液量、叶片数、叶片倾角、循环圆等参数的情况下进行

数值分析， 揭示不同情况下缓速器内部流动流场的变

化规律 ［8－10］。 而现有研究在评价方法还有待进一步深

入，国产液力缓速器在性能上与国外产品相距较大。为

揭示液力缓速器能量转换与传递的本质， 文中基于

分析法考证液力缓速器制动系统的能效。

是指热力系统由任意状态可逆地变化到与环境

状态相平衡时所做的最大有用功， 作为一种分析方

法，在能量转换系统优化设计得到广泛的应用，能够全

面深刻地揭示系统在各环节的损耗特征［11］。 基于 分

析法考察柴油机工作循环热力过程发现， 柴油机工作

循环过程中存在诸多不可逆因素所产生的 损失 ［12］。

近年，系统的状态参数， 基准点， 效率分析，揭示能

量损耗本质方面取得了较大的研究进展［13］，通过对汽车

散热器因传热温差及粘性流动阻力引起的不可逆 损

失进行热力学分析，提出以更易于量化的 效率作为汽

车散热器热力性能的评价指标［14］。

1 液力缓速系统 基准点

液力缓速器制动系统是给液力缓速器输入、 输出
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油液，实现制动的多因素共同作用的复合系统。从系统

的流动特征来看，归属连续的开口流动系统，油液通过

油路、在换热器和液力缓速器之间循环流动，不断耗散

了液力缓速器动轮的功。

假设液力缓速器的油液储存在一个无限大的油

箱，那么，油箱中的油液在稳态时的能位状态即就是液

力缓速系统的热量源和动量源最终的平衡状态。 即为

液力缓速系统的零参考点，此时油液的温度 T0和压力

P0为状态参数。

2 流分析

从 的来源看， 该系统 源于车辆的惯性及外部

充液流动能。 传递的过程是车辆的动能从半轴传递给

液力缓速器的动轮，动轮传递给油液，然后由油液的粘

性流动转换为热能耗散， 传递过程受时间和空间条件

的约束，其过程属于非稳态 传递。液力缓速器制动系

统能流和 流如图 1所示。

图 1中车辆的动能 被转化为液体的热 ， 热

以系统中的温差为载体而向外界耗散， 流动 以油液

压差为载体沿进油口向出油口传递。在该系统中，油液

在高压气体的作用下，获得一定的流动能，即与给定的

油箱环境基准态相比，油液具有了流动 ，为尽快和动

轮的转速一致，在进油节流阀的节流作用下，动能进一

步提高， 经液力缓速器总进油口流入缓速器定轮背部

的进油槽，经进油口流入定动轮组成的工作腔。进入工

作腔内的油液在动轮的带动下，形成涡旋，使其动能增

加及温度升高。 在温差作用下一部分用于机壁蓄热升

温和耗散到环境，其余的在不可逆摩擦过程中耗散。在

工作循环中不断地有部分油从出油口流出工作腔，高

温、高压的油液首先进入出油节流阀，进行降压，然后

流入热交换器进行二次节流降压和冷却， 经过二次降

压的油压力回复到基准状态， 动轮携带的机械 全部

被油液转化为热耗散。

3 平衡方程

系统的 流可以划分成 3 个环节： 第 1 为控制
阀—进油节流阀—进油口； 第 2为液力缓速器—热交
换器；第 3为液力缓速器—出油节流阀—热交换器。下
面分别从这 3个环节建立其相应的 平衡方程。

（1）第 1环节：控制阀—进油节流阀—进油口。
油箱内的油液处于环境基准态， 温度和压力分别为

T0，P0。设控制阀施加的压力为 Pf，在压力作用下油液获得

初速度 v0，由于进油节流，油液的速度提高到 v1，油液的
压力降低为 P1，油液的体积不变，流动过程中由于摩擦不

可逆过程产生 损 I1，因此该环节 平衡方程为：

（Pf－P1）V＝（ 1
2 mv2

1 - 1
2 mv2

0 ）+I1 （1）

式中：m———油液的质量，kg；

V———油液的体积，L。

（2）第 2环节：液力缓速器—热交换器。
动轮的机械能为 源 EM，即：

EM= 1
2 δJ·ω2 （2）

式中：δJ———车辆旋转质量，kg；

ω———转速，r/min。

在此环节，油液的温度、压力和速度变化到 T2，P2，

v2，故油液获得的动能 为：

EM1=m v2
2 -v2

1

2 （3）

油液不可压缩，膨胀功为零，因此忽略温度增加而

引起的体积膨胀，油液获得的热量为其增加的内能，为：

Q′=ΔU （4）
该内能 为：

EQ′=（1- T0

T2
）Q′ （5）

图 1 液力缓速系统能流图

热交换器
能质蜕变

出油节流阀降压

油的排出

机壁蓄热散
热及散热外
部损耗

少量油的
渗漏

缓速器进油口

液力缓速系统

油动能 增加

不可逆 损耗

车辆的动能

液力缓速器
油增速，动能 增加
油升温，热量 增加

油箱

进油节流阀

充液流动能

控制阀

油流

能流及 流

Δp

Δp

Δt

Δp
不可逆
损耗

Δt

18

130



2015 年 8 月 林彩霞，等：液力缓速器制动系统的能效分析

机壁温度变为 Tk， 蓄热及向环境扩散的热量设为

Q″，其 值为：
Ew=（1-T0 /Tk）Q″ （6）
在向环境扩散热量的过程中， 存在外部 损失

∑Eloss。 油液以一定的液流角进入缓速器腔体，在进口

处产生冲击阻力造成冲击损耗，用 El表示。 此外，还有

油渗漏的损失 Es 及摩擦阻力等产生的不可逆内部

耗散 I2。 因此，该环节的 平衡方程为：

EM＝（1－ T0

T2
）Q′＋m v2

2 -v2
1

2 ＋（1-T0 /Tk）Q″+El+∑Eloss+Es+I2 （7）

从式（7）可以看出，液力缓速器动轮的动能转化为
油液的内能和动能，由于 损失的存在，油液内能和动

能的增加量少于动轮动能的减少量， 这意味着功热转

换能力的减少，这是由于冲击阻力、摩擦阻力、渗漏及

过程不可逆等引起的 损失而造成的。

（3）第 3 环节：液力缓速器—出油节流阀—热交
换器。

以状态（T2，P2，v2）的油液流进出油节流阀进行降
压后流入热交换器， 利用发动机的冷却液对油液进行

冷却， 油液的温度和压力最终恢复到基准态（T0，P0），

油液的速度降低到 v′，重新进入油路进行循环。油液在
前一环节获得的 增量在该环节将随油液被作为废物

而排出，因此，此环节完全是排油 损。 油液排出的热

量为 Qh，该热量 损为 Eh=（1－ T0

T2
）Qh，完全蜕变到大气

环境中。 该环节全部的排油 损 Ex，l为：

Ex，l =（P2－P0）V＋（ 1
2 mv22 － 1

2 mv′2）＋（1－ T0

T2
）Qh＋I1 （8）

4 能量匹配的分析及相应的措施

4．1 系统的 效率及相应措施
（1）第 1环节：控制阀—进油节流阀—进油口。

ηex1=
1
2 mv21－ 1

2 mv20
（Pf -P0）V

（9）

从式（9）中可以看出，要使 ηex1 达到最大，须尽量

减少进油油路中的流动阻力，保证节流阀的提速作用。

（2）第 2环节：液力缓速器—热交换器。

ηex2 =
（1－ T0

T2
）Q′＋m v2

2 -v2
1

2 ＋（1-T0 /Tk）Q″

EM
（10）

要提高该环节的 效率，必须使油液的动能、内能

最大及机壁吸热、散热最多，尽量减少各种阻力和油的

渗漏。 提高油液的动能可以在不改变动轮输入速度的

情况下，通过改变缓速器各结构参数来实现；还可以通

过改变不同齿轮的啮合来实现。

（3）第 3环节：液力缓速器—出油节流阀—热交换器。

ηex3 = 0
（P2－P0）V＋（ 1

2 mv22 － 1
2 mv′2）＋（1－ T0

T2
）Qh＋I1

=0 （11）

由于热交换器的节流降压和降温作用， 油液携带

的热量 、压 和动能 完全蜕变到最初的平衡状态，

因此，该环节 效率为 0， 损系数为 1。要保证液力缓
速器稳定的制动转矩， 必须在系统中有阻尼装置设

计———出油节流阀和热交换器。

4．2 能量匹配分析
对整个液力缓速器辅助制动系统的 效率进行评

价。以液力缓速器额定工况计算，在额定工况下即在转

速为 1 000 r/min 时，液力缓速器施加的最大制动转矩
为 4 000 N·m，制动功率为 418．8 kW，若 7 s 内使车辆
减速至停止，此时，动轮的机械能等于制动能量，该机

械能完全转化为热量，可生成 418．8 kJ 的热量，其中
值为∑Ex =418.8 kJ，其折合能质系数为 λn=1。 工作油
液吸收的热量经过热交换器被冷却水带走完全退化到

环境，输出 值为 0，故能质系数 λ′n=0。 能质系数的差
值 Δλ′=（λn-λ′n）=1，计算系统的 效率为 0， 损系数
为 1。 液力缓速器输入的机械能为可无限转换的能量，
是高级能量， 而热量是可有限转换的热量， 是低级能

量， 工作油液对液力缓速器所做的功完全变为热量

损耗，故系统的 效率必然为 0。 因此，液力缓速器辅
助制动系统优化设计须提高热量 损耗。

4．3 试验分析
提高热量 损耗的途径之一是让换热器的节流散

热能力增大，油液恢复到基准状态。下面利用试验来对

能量匹配分析的结果进行验证。

4．3．1 台架试验设备
液力缓速器工况试验台的组成： 液力缓速器，水

温、油温和压力传感器（基本误差：±0．1％），工况控制

柜 ， 模拟车辆惯性输入的驱动电机 （长沙电机厂

YSP315L2－2）和飞轮组，该飞轮组可以模拟 20 t车辆减
速的过程，转矩转速传感器（湘仪动力测试仪器有限公

司 JC3A型转矩转速传感器，转矩测量精度为 0．1级，转
速测量精度为±1 r/min），散热水箱等。 采用两种不同的
热交换器进行试验，分别如图 2所示。图 2a的散热性能
比图 2b好。在进气压力为 0．5 MPa时，将电机置于不同
的转速，采集制动过程中转矩仪的数据，每做完 1 次试
验，等待 10 min左右，进行 3次试验，取平均值。
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4．3．2 试验及结果分析
试验数据如图 3所示。从图 3中可以看出，安装了

图 2a 所示热交换器的液力缓速器的制动转矩明显比
装了图 2b所示热交换器的高。

该试验结果表明图 2a 所示热交换器水路的压降
低，使热量较快地通过发动机散热系统散热，热交换器

散热量增加，即使式（8）中油液排出的热量增加，油液
的温度、压力和速度却越接近基准态，因此使第 3 环节
的排油 损耗增加，故使液力缓速器的制动转矩增加，

从而验证了理论分析是正确的。

5 结论

（1）液力缓速制动系统是功热自发转换与传递的
过程， 过程的终态可以用油液在环境态时的状态点为

计算 的基准点。

（2） 动能 及热量 是液力缓速器功转换的主
体， 提高其制动性能的途径在于有效提高液体的流动

速度。

（3）提高系统热量 损耗率的途径是强化各节流

环节的散热效能。
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液力缓速器研究进展

林彩霞，赵旭飞
( 华南农业大学工程学院，广东广州 510640)

摘要: 综述近年来国内外液力缓速器的设计理论、试验技术等研究现状，包括液力缓速器国内获得的专利、基于逆向
工程的设计研究、一维束流理论的理论计算研究、CFD数值研究、基于流固体耦合技术的结构强度研究等在液力缓速器设
计理论上的应用，总结相应的研究进展和取得的成果。
关键词: 液力缓速器; 设计理论; 试验技术; 研究进展
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Ｒesearch Development of Hydraulic Ｒetarder
LIN Caixia，ZHAO Xufei

( College of Engineering，South China Agricultural University，Guangzhou Guangdong 510640，China)
Abstract: The situations of domestic and foreign research on hydraulic retarder design theory and test technology in recent years

were summarized，which included domestic patent，design theory based on reversing solution，theory calculation based on Eula theory，
CFD numerical research and structure strength analysis based on coupling of flow field and solid，all kinds of test means and experi-
mental technique． The related research progress and achievements were also analyzed and summarized．

Keywords: Hydraulic retarder; Design theory; Test technology; Ｒesearch development

液力减速器为液力偶合器的一个分支，具有制动

扭矩大、持续制动能力强、过程平稳、制动件的磨损
极小、散热性能好、不会产生制动热衰退问题等优
点［1］，因此，随着技术的不断发展，液力缓速器得到

了广泛的应用，特别在重载、高速运行的汽车上其应
用更为广泛，液力缓速器的重要性日益突出。
1 国外研究进展
国外对液力缓速器研究和应用较早，液力缓速器

在大型公共汽车、旅游车、载货车以及军用车辆、坦
克等车辆上已经得到较为普遍的应用。国外的液力缓
速器技术成熟，结构类型多样化，随着其应用的广泛

性，出现了很多生产液力缓速器的公司。德国采埃孚
公司、德国福伊特公司、美国通用汽车公司等公司的
产品以其成熟的技术及适用于各种车型，成为当今汽

车液力缓速器行业发展水平的代表。由于各公司对技
术的保密，国外关于液力缓速器的研究文献很少，国

外的文献主要是对液力缓速器的工作原理、结构和维
修进行介绍。如 Helmut SCHＲECK等［2］对液力缓速器
商用车的应用进行了介绍，BEＲGMANN 等［3］分析了
液力缓速器在商用车制动的发展前景。
2 国内研究进展
2. 1 液力缓速器专利
国内检索到的液力缓速器多数为应用型装置，国

家专利局颁布有关液力缓速器装置和机构的专利情况

如下［4］:

一种能消除泵气损失的液力缓速器结构，专利

号: 200810020498，特征: 在车辆正常行驶不需要制
动时，采用离合器使液力缓速器转子处于静止状态，

不会形成气流，彻底消除泵气损失。
液力缓速器的发电方法及装置，专利号:

201010145781，特征: 实现汽车制动能量回收和再
生，达到汽车节能的目的。
液力减速制动器，专利号: 02278294，特征: 具

有减小空气阻力损失装置。
开式前倾叶片双腔液力缓速器，专利号:

201210243755，特征: 双腔型，适用于公路客车和大
吨位载货汽车。
液力缓速器用换热器，专利号: 201220226807，

特征: 把原有的钎焊板式换热器单边进出拓展为对角

进出。
矿车用液力减速器，专利号: 201220076767。
一种可以恒速控制车辆的液力缓速器，专利号:

200820216110，特征: 能实现车辆的分级控制，而且
可恒速控制。
液力缓速器，专利号: 200720120163。
液力缓速器油道，专利号: 200720120166。
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液力缓速器，专利号: 201220174714。
这 4 种液力缓速器基本上是仿制福伊特设计生产

的，目前市面上还没有成熟的产品在使用。
2. 2 液力缓速器研究方法
2. 2. 1 基于逆向工程的设计研究
基于逆向工程的设计方法是对某一样机进行快速

仿形测绘，反求设计参数，采用曲面重构的方法实现

逆向设计。江苏大学刘凯等人［5］结合液力缓速器关键
零部件叶轮的结构特点，利用精密光学三坐标测量仪

对其进行扫描，并利用 CATIA 软件进行数据处理和
模型构建，得到零件的三维模型和设计图纸，进而通

过流场分析软件 Fluent 对液力缓速器内流场进行分
析，这大大缩短了液力缓速器的设计开发周期，提高

了设计效率。基于逆向工程的设计方法为以后的产品
改型提供了很大便利，可以加快液力缓速器的国产化

进程，尽快打破国外对于液力缓速器技术的垄断。
2. 2. 2 基于一维束流理论的理论计算研究
工作介质在液力缓速器内部的流动是一种在复杂

空间的三维黏性流动，在分析工作介质在流道中的流

动状况时，必须引入一些假设，把三维流动简化为二

维流动或者一维流动，再用实验的方法进行修正，以

解决液力缓速器流道结构的设计计算问题。目前对于
叶片式机械，广泛应用的是一维束流理论，即欧拉束

流理论。欧拉束流理论是传统设计方法的主要理论依
据，为简化流场、便于研究，朱经昌等［6］通过理论计
算的方法探讨了如何选择液力缓速器的设计功率与布

置位置问题。长安大学赵鹏［7］、施凯男［8］基于该方法
对液力缓速器进行了设计计算。北京理工大学杨凯华
等［9］基于束流理论建立了液力缓速器设计计算的数

学模型，用 MATLAB 作为仿真工具，建立了液力缓
速器和车辆传动系统的动力学仿真模型。王峰等
人［10］基于束流理论归纳分析了液力缓速器稳态工况

制动扭矩计算的 3 种方法，并通过与实验结果的对
比，阐述了各种方法的优、缺点和适用性。姚寿文
等［11］在经验设计的基础上，结合一维束流理论和多

岛遗传算法进行了叶栅系统的优化，开发了虚拟样

机。闫清东等［12］分别基于两种液力缓速器内腔气液
两相流动假设，采用均匀密度法和气液分层法建立了

相应的液力缓速器部分充液工况制动转矩液力计算数

学模型。严军等人［13］在 600 r /min以下的速度范围内
对液力缓速器流动速度与压降分布进行试验测定，并

基于神经网络建立了内腔压力模型，该模型较为正确

地外推高转速、高制动扭矩工况下的内腔压力走势与
数值。
一维束流理论具有物理概念明确、参数调节简单

的优点，在液力传动元件的设计研发中得到广泛应

用。但实际上，工作液体在液力元件工作叶轮中的流

动呈黏性、三维、不可压缩、非稳定的复杂流动，显
然基于一维束流理论并包含有很多经验系数的设计计

算方法无法计算其内部流动，并且在叶片和流道设计

以及对外特性预测中存在很大误差。20 世纪 80 年代
末至 90 年代初提出了液力传动二维流动理论和基于
S1、S2 流面的准三维流动理论，但因条件限制并未发

展成为指导液力元件设计的成熟理论和方法。近年
来，随着计算机技术、计算流体动力学 ( CFD) 及其
商业理论与方法研究和流动测量技术的飞速发展，对

液力传动的研究又有了新的突破，同时也带动了液力

传动理论与实际应用的长足发展。
2. 2. 3 基于 CFD技术的数值研究
液力减速器叶栅系统叶片一般采用倾斜、等厚直

叶片，结构相对于液力变矩器简单，叶片角度和叶片

数目的确定一直是叶栅系统设计的重点。
华南农业大学的学者们在试验研究福伊特原型机

的基础上，研制了液力缓速器样机，结合理论计算和

数值模拟分析，并进行试验验证，取得了一定的研究

成果。如沈文浩［14］采用单流道、满充液状态以及工
作介质性质为常量，进行数值模拟分析，讨论了液力

缓速器整机性能以及定轮、动轮机构内部流场分布特
性，并进行了试验验证。黄俊刚等［15］研究了全流道
满充液状态下，工作介质性质同样为常量，液力缓速

器内部流场的压力和速度分布，以及对液力缓速器的

结构参数如: 循环圆的直径、几何形状、叶片倾角、
进油口的分布等进行了数值分析。
吉林大学李雪松等［16］研究了全流道在部分和满

充液状态下稳态和非稳态时液力缓速器内部流场的压

力和速度分布; 采用大涡模拟法求解液力缓速器三维

流动控制方程，对液力缓速器油气混合现象进行分

析; 并对液力缓速器结构参数的选择进行了数值模拟

分析。
北京理工大学李慧渊［17］基于三维流场理论对液

力缓速器的设计进行了研究。魏巍等人［18］对于无内
环的液力元件采用混合入、出口的边界条件处理方
法，对充液率分别为 100%、80%、60%、40% 及
20%时的工况分别进行 CFD 液力减速器内流场数值
模拟，获取不同充液率和不同转速下的制动性能曲

线，并得到对应不同工况的速度和压力场分布特性。
闫清东等［19］基于瞬态流场计算方法，建立了某型液

力减速器相应的仿真模型。结合实际车用工况确定了
入、出油口的流速，设置了精确的初始流场作为边界
和初始条件，运用 CFD 技术对液力减速器紧急制动
工况的充液过程进行流场分析及制动外特性仿真计

算。
江苏大学何仁等人［20 － 21］利用 Fluent 软件基于标

准 k － ε模型和 SIMPLEC算法，对液力减速器在不同
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叶片数下，倾角为 50°、55°、60°时循环圆形状和半
径不同时的内流场进行数值模拟，揭示了不同叶片

数、不同叶片倾角和不同循环圆下叶轮内流动速度分
布、压力分布的变化规律，从流道内湍流流动的速度
分布、压力分布和湍动能分布规律 3 个方面分析该型
叶轮流动的特点。
武汉理工大学冯宜彬等［22］应用 CFD 数值模拟技

术，采用 Fluent 软件对液力缓速器内部流场进行研
究，得到了不同工况下液力缓速器内流场的压力和速

度分布特性与制动扭矩的大小。北方车辆研究所郭刘
洋等［23］通过建立多个三维 CFD 计算模型，利用 CFD
软件对液力缓速器原始特性进行仿真，分析得出增加

动轮出口和改变叶片角度对液力缓速器的制动性能和

降低空转功率损失的影响。
2. 2. 4 基于流固耦合技术的结构强度研究
对液力缓速器的结构分析不再限定于单纯的有限

元分析，必将基于流固耦合技术，将三维流场分析和

有限元结构分析相结合，对不同压力场下液力元件叶

栅及工作轮的应力分布以及形变位移进行求解分析。
北京理工大学王峰等人［24］对某型液力减速器内流场，

采用 CFD数值模拟技术获得其流道内部压力场，运
用坐标变换、曲面拟合等方法，得到叶片表面的压力
随局部坐标变化的二元函数; 利用 ANSYS 软件的
APDL程序将叶片的压力载荷加载到有限元分析模型
中，实现了流体压力作用下的叶片强度问题较为精确

的液力减速器叶片强度分析。杨涛［25］利用有限元软
件 ANSYS 对液力缓速器动轮和定轮进行强度和模态
分析。ZHAO等［26］利用有限元对液力缓速器的壳体
进行了震动分析并进行了相应的试验。
3 试验研究
液力缓速器的传动外特性、制动特性性能测试试

验方面，一般是通过搭建传动试验台进行测试。北京
理工大学荆崇波等［27］对某型液力减速器进行了制动

性能试验研究，分别对液力减速器不同转速、不同充
液率工况下的基本特性和制动特性进行了试验。试验
结果表明，该液力减速器在高转速和大充油量的条件

下制动效果较好。武汉理工大学过学迅等［28］进行了
台架试验，对液力减速器空气鼓风损失进行了研究，

通过鼓风损失理论计算设计出新的减损结构阀片，将

液力减速器安装阀片和不安装阀片的试验结果进行对

比，表明所设计的液力减速器减损结构措施具有理想

的效果，且实验值和理论计算值基本吻合。
随着流动测试技术和计算机技术的发展，1996

年以来，在液力变矩器内流场的测量方面取得了很多

成果，主要体现在对各叶轮流道内及叶片上速度和压

力的测量，测量速度的较多。吉林大学于清海等［29］

采用 PIV技术对 YJ380 有机玻璃变矩器样机进行了流

动测试研究，实现了液力变矩器内部流动可视化，并

对测试结果进行了量化处理和分析，实验结果与理论

分析吻合，证明了此实验方法的可行性和实验结果的

正确性。因此，将 PIV 与 CT 技术相结合，是对液力
缓速器内部流场进行研究的主要测试手段，是今后促

进液力缓速器发展的主要手段之一。
4 结论
( 1) 国外的液力缓速器技术成熟，结构类型多

样化。国内液力缓速器的研究较晚，技术比较落后，
因此，基于逆向工程的设计方法为以后的产品改型提

供了很大便利，可以加快液力缓速器的国产化进程，

尽快打破国外对于液力缓速器技术的垄断。
( 2) 一维束流理论具有物理概念明确、参数调

节简单的优点，简化流场便于研究。
( 3) 在概念设计阶段，通过 CFD 这种虚拟设计

对液力缓速器进行研究，可以获得大量的流动和换热

的细节数据; 利用计算数据对设计方案进行评价，选

择优化方案。但是还需要通过样机制造及对原型机和
样机的试验分析，对 CFD 计算的结果进行验证，从
而对设计结果进行修正。
( 4) 基于流固耦合技术，将三维流场分析和有

限元结构分析相结合，对不同压力场下液力元件叶栅

及工作轮的应力分布以及形变位移进行求解分析，对

使用在不同环境下的液力缓速器的结构强度分析是非

常有必要的。
( 5) 通过理论计算的方法描述液力缓速器结构

设计及性能难度较大、并且精度较低，所以采取先进
的流动测试技术对液力缓速器进行试验研究，是研究

液力缓速器性能、探索其内部流动规律非常有效的方
法。
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年后的故障趋势可能会发生变化，需要更多的故障数
据来进行建模; 并且，模型需要利用分段 PLP［14］或
是混合 PLP［15］，这也是接下研究的方向之一。
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双转子摆线泵流量特性分析及优化设计
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摘要: 基于传统的单转子摆线泵流量特性分析思路，确定了双转子摆线泵的基本流量特性曲线。针对泵体的流量脉动
特性，对双转子摆线泵的设计进行优化，进一步减少双转子摆线泵的流量脉动，使泵体工作更加平稳。
关键词: 双转子摆线泵; 流量脉动; 差动角; 优化
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Analysis and Optimal Design for Flow Characteristics of the Cycloidal Duplex Ｒotor Pump
LIN Caixia，LI Jianhui，SU Peikun，WANG Hailin

(College of Engineering，South China Agricultural University，Guangzhou Guangdong 510642，China)
Abstract: Based on the analysis about flow characteristic of single rotor cycloid pump，the flow characteristic curve of the cycloi-

dal duplex rotor pump was gotten． Aiming at the flow pulsation，the cycloidal duplex rotor pump structure was optimized，to further re-
duce the flow pulsation of the pump．

Keywords: Duplex rotor cycloid pump; Flow pulsation; Differential angle; Optimization

摆线转子泵是一种特殊齿形的内啮合齿轮泵，又

称摆线内啮合齿轮泵。摆线转子泵以其结构紧凑、体
积小、运转平稳、噪声小、不易产生气穴、工作效率
高等优点广泛应用于汽车、航空、石油、化工等
领域。
流量的均匀性是评价泵体工作性能的重要参数。

若泵体的流量脉动大，将会引起泵系统压力脉动，从

而使系统产生噪声和震动。作者将对双转子摆线泵的
流量特性进行分析，并通过分析数据，对泵体进行相

关的优化设计。
1 基本几何参数
摆线转子泵的基本几何参数主要有以下 4个: 齿

数、偏心距、创成圆半径、齿形圆半径等。一般情况
下，齿数越大，流量与流量脉动越小。而偏心距的大
小决定着齿轮节圆半径的大小，从而决定着泵的

流量。
在设计中，一般需要根据流量等相关设计要求，

首先确定以上 4个独立的设计参数。待以上的基本参
数确定后，便可通过计算，确定出其他的几何尺寸

参数
［1－2］。

2 流量特性计算
2. 1 流量计算的数学模型
根据流量的定义和流量与排量的关系，可以将流

量计算的数学模型简化为求排量的数学模型。即当内
转子转动一周完成的一个工作循环所排出的液体

体积。
式子表达为:

V = 2·B(Smax － Smin) (1)
若不考虑泄漏情况，则双转子泵排量

q = z·V (2)
式中: B为转子宽度; Smax、Smin分别为单转子最大、
最小密封腔面积; z为内转子齿数。
关于最大、最小密封腔面积的计算，可参考文献

［3］。下面简单介绍两种利用绘图软件快速求解的
方法。
利用 SolidWorks的测量功能求解。在建立三维模

型后，导入 SolidWorks的测量模块，点击测量工具选
取需要测量的对象，然后调出详细参数列表即能找到

相关的面积数据。
利用 AutoCAD 的计算区域面积功能求解。利用

AutoCAD中提供的 Autolisp二次开发功能绘制出摆线
泵的齿廓曲线，然后对内外转子齿廓曲线所围成的相

应区域进行面积计算，便能得到相应的面积数据。
2. 2 瞬时流量计算
所谓的瞬时流量，是指泵体在某一时刻所排出的

液体体积。由于内外转子所围成的总体积为一固定常
数，根据摆线泵的工作原理可知，在任一时刻，进排

油腔的体积变化率相等
［4］。

瞬时流量计算公式:
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Qs =
dV
dt

= BωdS
d

(3)

式中: ω为内转子角速度。
2. 3 平均流量
所谓的平均流量，是指泵体在单位时间所排出的

液体体积。即:
Qm = q·n (4)

式中: n为转子转速。
2. 4 流量脉动率
所谓的流量脉动率，是指泵体的最大瞬时流量差

与平流流量的比值。用式子表达为:

σQ =
Qsmax － Qsmin

Qm

(5)

一般地，用流量脉动率来评价瞬时流量脉动。
3 流量脉动影响因素分析
对于摆线转子泵，影响流量脉动的因素主要分为

转子参数对流量脉动的影响和泵体结构参数对流量脉

动的影响
［5－6］。

3. 1 转子参数对流量脉动的影响
(1) 齿数
齿数越小，流量脉动越大; 齿数越大，流量脉动

越小。增大齿数，单位体积排量相对减少。内转子齿
数为偶数时，其流量脉动明显小于奇数齿。
(2) 创成系数和弧径系数
增大创成系数、减少弧径系数均能降低摆线泵的

流量脉动。与此同时，泵的排量、体积也相应增大。
3. 2 泵体结构参数对流量脉动的影响
根据对双转子摆线泵进行的运动分析，双转子的

差动角对泵体的流量脉动有较大的影响。下文将就双
转子的差动角对泵体的流量脉动影响进行分析与相关

的优化设计。
4 双转子摆线泵的流量脉动优化分析设计
关于摆线泵转子基本参数的优化计算，由于目前

已经有较多十分完善的研究成果和优化方法，在此不

再具体讨论，建议参考文献 ［7］。
下面将针对双转子摆线泵特有的结构参数 “差

动角”进行优化计算。
由于双转子摆线泵两个相互独立的转子其结

构参数完全相同，因此，当差动角 θ = 0°时，可以
将两个转子看作是一个宽度叠加的独立转子，即

B' = 2B。
根据流量脉动率的计算公式

σQ =
Qsmax － Qsmin

Qm

=
Vmax － Vmin

Vm

=
BSmax － BSmin

BSm

=

Smax － Smin

Sm

(6)

当转子其他参数不变，单一改变转子宽度 B，其
流量脉动率不变。下面利用 MATLAB 分别对单转子
和差动角 θ= 0°时的双转子摆线泵的瞬时流量进行仿
真计算，见图 1、2。

图 1 单转子摆线泵瞬
时流量曲线图

图 2 双转子摆线泵瞬时流
量曲线图 (θ= 0°时)

对比图 1和图 2，尽管双转子摆线泵在某一时刻
的瞬时流量是单转子摆线泵在相同时刻瞬时流量的两

倍，但其流量脉动率却没有发生变化，均为 0. 078 9。
由于文中分析的双转子摆线泵其内转子齿数为

5，即当内转子每转过 72°时，泵体输出流量特性进
入一个周期循环。因此，下面将以 0. 2°的差动角递

图 3 流量脉动率曲线

增速率，利用 MATLAB 对
泵体的瞬时流量进行仿真

计算，并求算出差动角 θ
在 0 ～ 72°内所对应的流量
脉动率曲线，从而优化出

最佳的差动角。图 3 为不
同差动角所对应的流量脉

动率曲线。
从图 3可以看出: 当双转子摆线泵的差动角 θ =

36°时，其流量脉动率最小，σQ36 = 0. 006 8。
利用 MATLAB再次对双转子摆线泵差动角优化

前后的瞬时流量进行仿真计算。

图 4 差动角优化前的
瞬时流量曲线

图 5 差动角优化后的
瞬时流量曲线

如图 4—5所示: 差动角优化后，双转子摆线泵
流量输出相当平稳，且其流量脉动率是优化前的 1 /
12，远少于相同排量的单转子摆线泵。
4 结论
经过差动角优化后的双转子摆线泵相比于单转子

摆线泵更具有开发应用价值。
( 下转第 87页)
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图 3 脚踏制动阀性能图
从图 3可以看出: 在前 20 s制动压力为零输入的

情况下，脚踏制动阀的出口输出压力值被稳定在

2. 76 MPa，可充分满足矿用胶轮车的使用要求，胶
轮车也可正常行驶; 在 t= 20～30 s，当制动力急剧增
加时，脚踏制动阀的内部阀芯也将在内部作用力下移

动，从而导致脚踏制动阀出口压力值的大幅降低，压

湿式制动器的油压也相应下降，并实现胶轮车的制动

控制。从图 3中还可看出: 脚踏制动阀的动态仿真输
入压力与出口压力值之间呈现良好的线性关系，这也

验证了所选用的脚踏制动阀的性能，能充分满足压湿

式制动器制动控制的需要。
4 总结
压湿式制动器作为一种新型的安全性制动系统，

在当前各类大型工程机械、矿用机械中都有着广泛的
普及与应用。然而，当前压湿式制动器的设计与相关
技术仍处于初步阶段。针对这种现状，结合某矿用胶
轮车的设计实例，设计与选型了与该胶轮车压湿式制

动器相配套的液压控制系统，并通过 AMESim10. 0 仿

真软件，对液压系统各主要元件的设计选型结果进行

了分析与验证。结果证明该压湿式制动器液压系统的
性能良好，能充分满足矿用胶轮车正常行驶与制动控

制的需要。
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0 引言

汽车底盘测功机是最重要的汽车台架检测设备之

一，在汽车工程中用于对技术状况的总体检验。在用车
检测用底盘测功机要求在造价低的前提下保证一定的

精度并兼容多种功能， 但是目前底盘测功机还存在诸
多问题：如测量数据准确度低；因机械结构不同形成内
部阻力差异造成测量数据的可靠性差； 难以对车辆的
动力性做出正确评价， 难以和检测排放用的测功机兼
容；不易准确模拟道路阻力等。因此为使底盘测功机检
测结果更接近车辆实际运行情况， 本文针对室内台架
进行滑行检测时存在的问题，力图在试验的基础上，分
析造成台架与道路滑行距离存在差异的原因， 并指出
应建立相应的数学模型进行修正， 以减少测试数据误
差，合理反映汽车实际的滑行距离。

1 底盘测功机基本原理

汽车底盘测功机是一种根据相似理论模拟车辆在

道路上实际行驶工况、 进行不解体检验车辆性能的室
内台架检测设备。根据相似理论第一定理，彼此相似的
现象必定具有数值相同的相似准则。 汽车在道路或台
架上运行时，所做的运动可用牛顿第二定律来描述，因
此，它们具有相同的相似准则 Ne 即牛顿准则，保证两
者运动相似。

Ne=Ft/mv (1)
这样根据相似第二定理， 该设备利用滚筒代替路

面，而车辆在平直道路上加速行驶时受到的空气阻力、
滚动阻力由加载装置进行模拟。
车辆在平直道路上行驶受到的阻力为[1]：

Ft=Gf+ CwAv2

21.15 +δm dv
dt (2)

式中：G———汽车动力，N；
f———滚动阻力系数；
d———汽车旋转质量换算系数；
m———汽车质量，kg；
dv/dt———行驶加速度，kg/s2。
车辆在台架上受到的阻力为

F ′=a+bv+m′△v
△t (3)

式中：a———常数；
b———初速度影响系数；
m′———台架惯性质量，kg。
这样涡流机加载的阻力为两者的差值，即：
Fdy=Ft-F ′

= Gf+ CwAv2

21.15 +δm dv
dt△ △- a+bv+m′△v

△t△ △ (4)

当汽车滑行时， 用惯性模拟系统即飞轮或交直流
电机来模拟惯性阻力。 路试时的动能 W 为(后轮为驱
动车轮)：

W= 1
2 mv2+ 1

2 (Jk+Jr)ω2+W0 (5)

式中：ω———车轮角速度，rad/s；
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Jk，Jr———前后车轮转动惯量，kg·m2；
W0———汽车传动系统旋转动能，w；
台架的动能 W′(同一车速)为：

W′= 1
2 Jωf

2+ 1
2 J0ω 0

2+ 1
2 Jhωh

2+ 1
2 Jrω2+W0 (6)

式中：J、ωf———飞轮的转动惯量、角速度，kg·m2、rad/s；
J0、ω0———滚筒的转动惯量、角速度，kg·m2、rad/s；
Jh、ωh———加载装置转子的转动惯量、角速度，kg·

m2、rad/s。
底盘测功机为模拟汽车道路行驶时的动能必须满

足的条件为：W′=W。 这样令：
ω0 /ω=R/r=k0，ωf /ω=kf，ωh /ω=kh

式中：R———车轮半径；
r———滚筒半径。
并将 v=Rω代入，则得飞轮的转动惯量为：

J= mR
2+Jk-J0k0

2-Jhkhk0
2

kf
2k0

2 (7)

因此在底盘测功机上能测试汽车底盘输出功率、
最高车速、加速时间和滑行距离，以此判定汽车的动力
性及底盘技术状况； 同时由于可模拟道路行驶工况以
及方便地对试验车辆加载， 故可在测量尾气排放和燃
油消耗时作为车辆的外部负荷。

2 台架与道路滑行对比试验

对 XML6402 汽车分别在道路和风冷式电涡流测
功机 KDCG―10G(Φ369.2×1100)测功机上进行滑行距
离对比试验，两者具有相同的滑行初速度。在道路上滑
行时来回方向各进行两次，取均值，同时注意了相关因
素的影响。 KDCG―10G测功机有两级飞轮，转动惯量
分别为 14.8(kg·m2)和 49.6(kg·m2)。 在控制相关因素的
情况下，试验数据见表 1。

表 1 金龙道路和台架滑行试验结果(单位：m)

从上表中可以看出道路和台架滑行距离随着滑行

初速度的增加而增大，道路的滑行距离比测功机的滑

行距离要长，两者存在差异。

3 滑行检测结果的差异原因分析

3.1 台架阻力分析
台架阻力是底盘测功机台架传递力时存在的内

部阻力，主要是由各运动件在相对运动中存在机械磨
擦引起的机械阻力构成，是台架本身的机械阻力，与
车型无关 [2]。 根据实验测得的数据，KDCG-10G 测功
机损耗功率在汽车发动机功率中所占的比例分别如

表 2 所示。
表 2 KDCG―10G 测功机损耗功率

从表中可见， 台架损耗功率占发动机功率比例的
最大值达 8.69%，说明这一数值是不应忽略的，其消耗
了汽车滑行时的部分能量， 而汽车在道路上滑行时是
没有这一部分能量损耗的。 加载公式(3)是对台架阻力
的计算，但从中可以看出，该公式只考虑了台架的滚动
阻力和惯性阻力的影响。因此，为提高检测结果的精确
度， 底盘测功机应该带反拖装置以测试出台架的内部
损耗。
3.2 传动系阻力分析
汽车行驶时， 传动系阻力的大小与传动系润滑油

温密切相关，随润滑油温升高而降低。行驶中受迎面气
流的影响，驱动桥的润滑油温度可能低于标准值，有试
验指出，若稍微提高 8×8 汽车轮边减速器的油温 20K，
就使液力阻力减少一半。 而在台架上汽车处于静止状
态，润滑油温度一般比道路行驶时高。汽车在道路上行
驶时，还存在轮毂轴承摩擦阻力和车轮定位前束阻力，
在台架上只有驱动轮的轮毂轴承摩擦阻力， 不存在车
轮定位前束阻力。因此，在台架与道路上的传动系阻力
是不同的。
3.3 滚动阻力的差异性分析

1) 汽车在台架上的滚动阻力分析
在台架上当车轮不滚动时， 滚筒对车轮的法向反

作用力的分布是前后对称的， 但当车轮滚动时， 在线

初速度(km/h) 20 30 40 50

道路

1 106.61 212.83 334.275 469.05

2 110.415 222.485 352.865 481.99

平均 108.513 217.658 343.57 475.52

台架

73 140 200 258.6

67 136.5 206.4 260

平均 70 138.25 203.2 259.3

飞轮

1

2

速度(km/h) 占金龙的比例(%)

20 1.11

30 2.00

40 2.94

50 3.61
60

4.72

70 5.67

80 7.22

90 8.69
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O1O2前后相对应点 d 和 d′变形虽然相同，但由于弹性
迟滞现象， 处于压缩过程的前部点 d 的法向反力就大
于处于恢复过程的后部点 d′的法向反力， 如图 1所示
(图中 O2为前滚筒，O3为后滚筒)。 这样使得滚筒对轮
胎法向反作用力的分布前后并不对称， 反作用力的合
力 FN1和 FN2以滚筒中心为原点向前偏斜了一定角度。
设前滚筒偏斜了 γ角，后滚筒偏偏斜了 β 角，其偏斜角
度的大小与轮胎结构、材料、气压、载荷、轮胎磨损程度
和运转车速有关。 当轮胎变形增大时偏斜角也随着轮
胎弹性迟滞损失的增大而变大。因此，FN1和 FN2的作用

点相对于 O1O2和 O1O3连线向前移动的距离分别为 l1=
γ·r和 l2=β·r [3]。

图 1 车轮在滚筒上滚动时接触面上压力分布图

为分析方便，将研究对象取分离体，见图 2，将合
力 FN1和 FN2分别分解成平行于 O1O2和 O1O3连线的支

反力 FZ1和 FZ2，以及垂直于 O1O2和 O1O3连线的滚动阻

力 Ff1和 Ff2，为使车轮能在滚筒上匀速滚动，必须在车
轮上施加驱动力矩 TT以克服上述的滚动阻力和支反

力对车轮造成的阻力矩。

图 2 驱动轮与滚筒的受力图

由平衡条件得：
对 O1取矩：
Tr=Ff1R+FZ1l1+Ff2R+FZ2l2 (8)
对 O2取矩：
F′Z1l1=F′f1r (9)
对 O3取矩：
F′Z2l2=F′f2r (10)
又：
Ff1=-F′f1，Ff2=-F′f2，FZ1=-F′Z1，FZ2=-F′Z2 (11)
对上述方程联立求解得：
TT=(Ff1+Ff2)(R+r) (12)
令(Ff1+Ff2)=F′f 为车轮滚动的总阻力。 根据汽车理

论，汽车在滚筒上受到的滚动阻力为：
F′f=(FZ1+FZ2)f′ (13)
支反力与轴重有如下关系：
FZ1=FZ2=W/2cosθ (14)

而 θ=arccos 1- L
2(R+r)� �

2

姨 (15)

则 Ff′= Wf′

1- L
2(R+r)� �

2

姨
(16)

式中：W———轴重，N；
L———滚筒中心距，mm；
R———轮胎静力半径，mm；
r———滚筒半径，mm；
θ———滚筒中心距与滚筒径向载荷作用方向之间

夹角的余角，即安置角，“°”；
f′———台架滚动阻力系数。

3.4 空气阻力的差异性分析
汽车在台架上是静止的， 没有受到空气阻力的作

用， 而在道路上行驶时， 空气阻力与车速的平方成正
比，随着速度的增加，空气阻力增加很快，在较高速度
时，空气阻力很大，远远超过滚动阻力，在道路上行驶
阻力高于台架的行驶阻力，这是主要的原因。 在台架
上可以用加载的方法模拟空气阻力，但由于空气阻力
是车速的二次函数， 且涡流机加载存在滞后特性，因
此模拟加载的空气阻力往往滞后于所设定的道路空

气阻力。
3.5 惯性阻力的差异性分析
惯性阻力在滑行距离时表现为做功状态， 能量的

释放。 滑行距离的大小虽然受台架阻力和行驶阻力的
影响，但主要取决于滑行时惯性阻力释放能量的大小。
惯性阻力大，释放能量就大。 而惯性阻力的大小，取决
于飞轮系统、 滚筒及台架旋转部件的转动惯量是否与
路试时汽车在相应车速下的转动惯量一致。 在本试验
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中所用的台架 ω0=ωf=ωh，故 kf=kh=1，由式 7 得本台架
的转动惯量为[7]：

J=mr2+ Jkr2
R2 -J0-Jh (17)

底盘测功机定型后，滚筒转动惯量 J0和加载涡流
机转子的转动惯量 Jh均为已知值， 如西班牙产 F16-
160 电涡流转子转动惯量为 1.86kg·m2，被测汽车的质
量和车轮转动惯量也为定值， 故可据上式算得所设飞
轮的转动惯量 J。
由于机械制造成本和安装体积的限制， 一般在检

测站中用的底盘测功机不可能配备太多的飞轮， 而采
用电机模拟惯量的成本太高，一般不采用。在本试验中
的台架用两个飞轮， 台架本身转动惯量为 18.33kg·m2

模拟平移质量为 532.03kg，第一飞轮 14.8kg·m2模拟平

移质量为 434.3kg， 第二级飞轮为 49.6kg·m2模拟的平

移质量为 1455.52kg。其模拟的平移质量和所检测的车
型平移质量不能匹配， 因此导致台架和道路惯性阻力
的不同，因此使滑行距离检测结果的差异较大。为了减
少差异，使台架滑行距离检测结果更接近实际，必须建
立数学模型进行修正。

4 修正数学模型

从表 1 可知汽车台架滑行距离比道路滑行距离
短，故以汽车台架滑行距离为基本量，考虑汽车质量、
测功机转动惯量及滑行初速度等影响因素， 道路与台
架的滑行距离存在以下关系：

S=S0+kmv2/mt (18)
式中：S———汽车道路滑行距离计算值，m；

S0———为汽车台架滑行距离，m；
k———修正系数；
mt———滚筒和飞轮模拟平移质量之和，kg。
式 18的物理意义是 S值由两部分组成：一是汽车

台架滑行距离； 另一是由汽车质量和测功机模拟平移

质量之比及车速的二次函数组成。显然，汽车质量和测
功机的惯性质量(模拟平移质量)之比越大，需要修正的
参数就越大 ， 这与试验结果一致 。 由此 ， 计算得
XML6402 汽车在 KDCG―10G 台架上的修正参数 k 为
0.053， 即在 KDCG―10G台架上的滑行距离与道路滑
行距离关系为：

S=S0+0.053mv2/mt (19)

5 结论

汽车在台架和道路的滑行距离存在差异， 其主要
原因是汽车在台架和道路受到的阻力不同。 在台架滑
行距离的大小虽然受台架阻力和行驶阻力的影响，但
主要取决于滑行时惯性阻力释放能量的大小。 惯性阻
力大，释放能量就大。 而惯性阻力的大小，取决于飞轮
系统、 滚筒及台架旋转部件的转动惯量是否与路试时
汽车在相应车速下的转动惯量一致。因此，为了使使台
架滑行距离检测结果更接近实际， 建立数学模型进行
修正。
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Research of the Difference in Automobile Coast-down Test between Bench and Road

LIN Cai-xia
(School of Engineering, South China Agricultural University, Guangzhou, 510640, China)

Abstract: Analysis the difference between the bench and the road, taking King-long as testing vehicle, some comparing experiment been

done. The main difference are the resistance, such as bench resistance, roil resistance and coast-down inertia. Base on the analysis, the

coast-down distance revising model is supposed to set up to improve its accurate on bench test.
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Nondestructive Identification of Litchi Downy Blight at
Different Stages Based on Spectroscopy Analysis
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Abstract: Litchi downy blight caused by Peronophythora litchii is the most serious disease in litchi
production, storage and transportation. Existing disease identification technology has difficulty
identifying litchi downy blight sufficiently early, resulting in economic losses. Thus, the use of diffuse
reflectance spectroscopy to identify litchi downy blight at different stages of disease, particularly to
achieve the early identification of downy blight, is very important. The diffuse reflectance spectral
data of litchi fruits inoculated with P. litchii were collected in the wavelength range of 350–1350 nm.
According to the duration of inoculation and expert evaluation, they were divided into four categories:
healthy, latent, mild and severe. First, the SG smoothing method and derivation method were used
to denoise the spectral curves. Then, the wavelength screening methods competitive adaptive
reweighted sampling (CARS) and successive projections algorithm (SPA) were compared to verify
that the SPA method was more effective. Eleven characteristic wavelengths were selected, accounting
for only 1.1% of the original data. Finally, the characteristic wavelengths were tested by six different
classification models, and their accuracy was calculated. Among them, the ANN model performed
best, with an accuracy of 90.7%. The results showed that diffuse reflectance spectroscopic technology
has potential for identifying litchi downy blight at different stages, providing technical support for
the subsequent development of related automatic detection devices.

Keywords: litchi downy blight; spectroscopy analysis; SG smoothing; CARS; SPA; classification models

1. Introduction

Litchi (Litchi chinensis Sonn.) is a subtropical evergreen fruit tree. Because of its high
nutrition and delicious taste, this fruit tree has been planted in many places worldwide
and is deeply loved by consumers. In addition, litchi has high economic value and is an
important commercial crop. The annual output value of China’s litchi industry exceeds
four billion US dollars [1]. However, litchi downy blight caused by Peronophythora litchii
seriously threatens the development of the litchi industry and is one of the most serious
and widespread diseases in litchi production, storage and transportation [2]. Litchi downy
blight mainly affects mature or nearly mature litchi fruits. The onset of this disease mostly
starts from the fruit pedicle [3]. At the beginning, irregular brown spots appear on the
fruit surface, and then the spots spread rapidly, causing the whole fruit to turn black and
brown within 2–3 days. As the flesh decays and falls off, the tawny juices flow out, giving
off a sour wine taste. In the middle and late stages of the disease, especially under humid
conditions, white downy mildew is produced on the surface of fruits [4]. Litchi downy
blight is highly infectious and occurs quickly. If prevention and control measures are not
taken in time, this disease can generally cause a 10–30% yield loss or an 80% yield loss in
epidemic years.
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Currently, the identification of litchi downy blight mainly relies on a visual screen
by agricultural experts to manually identify this blight in orchards, or fruit samples are
sent to laboratories for testing using biochemical or molecular methods [5]. The former
method is quite subjective, laborious and inefficient. The latter method is destructive and
highly expensive. In view of the high infectivity and rapid onset of litchi downy blight,
these methods have difficulty identifying an epidemic in actual production, resulting in
further loss. Therefore, advanced sensors combined with computer technology have the
potential to realize the nondestructive, rapid and accurate automatic identification of litchi
downy blight, which can identify an epidemic in orchards and help farmers take measures
to prevent the spread of the epidemic so that the yield loss of litchi is markedly reduced [6].
In addition, reducing pesticide use is vigorously promoted. Automatic identification is of
great significance for the accurate prevention and control of litchi downy blight.

Regarding the identification of crop diseases, many experts and scholars have per-
formed extensive research, including on cucumber downy mildew [7], leek white tip
disease [8], leek white tip disease [9], fusarium head blight of wheat grain [10] and other
typical crop diseases. However, there are few studies on litchi disease identification. In
addition, as leaves are the main organs of plants and are one of the main areas of infectious
diseases [11], most studies have focused on leaf diseases but not fruit diseases. For litchi,
the fruit is the most economically valuable part and the main area on which litchi downy
blight occurs. This paper focused on this fruit disease and explored the identification of
litchi downy blight.

Spectral technology has been proven to be effective in crop disease identification [12].
A large number of studies have shown that when crops are affected by plant diseases,
along with the changes in their external morphology, their spectral characteristics usually
change, which can be monitored by spectral data acquisition [13]. Therefore, crop disease
identification is possible through spectral data analysis. Compared with traditional identi-
fication methods based on visible light images, spectral methods have higher sensitivity.
The visible light imaging method only shows good recognition of the late stage of obvious
disease onset; moreover, it is easily interfered with by light conditions and other factors
when applied under natural conditions [14]. Spectral methods enable the identification of
the early stage of crop disease and classification of different disease stages.

However, spectral data contain a large amount of redundant information, which may
affect the efficiency of the modelling analysis [15]. Therefore, to reduce the interference of
useless information, it is necessary to execute characteristic wavelength screening. This
screening method not only increases the accuracy and stability of the identification model
but is also valuable for practical production applications by reducing costs. Currently,
the common characteristic wavelength screening methods mainly include the competitive
adaptive reweighted sampling (CARS) method and successive projections algorithm (SPA)
method [16]. In this paper, these two screening methods were compared and analysed
using different parameters to determine the optimal screening conditions and methods.

In the application of spectral data to solve practical problems, such as crop disease
identification, classification models are important analytical and processing methods [17].
The processed spectral data corresponding to litchi fruits infected with downy blight of
different severities must be correctly classified to identify litchi downy blight. Therefore,
this paper compared different typical classification models, including decision tree, linear
discriminant analysis (LDA), naive Bayesian classifier, K-nearest neighbor (KNN), support
vector machines (SVMs) and artificial neural networks (ANNs).

In summary, the purpose of this study is to provide a nondestructive litchi downy
blight identification method based on spectral data analysis, which can classify litchi fruits
infected with downy blight at different severities, including healthy, latent, mild and severe
infections. The methodology of this study is as follows (Figure 1):

(1) Through scientific and reliable experiments, the diffuse reflectance spectral dataset of
litchi fruits with different stages of downy blight infection was collected as the basis
for the following research and analysis.
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(2) To simplify the spectral data and make the model more efficient, two different methods
of characteristic wavelength screening, CARS and SPA, were evaluated using different
preprocessing parameters.

(3) Six different classification models were evaluated and tested to realize nondestruc-
tive identification of litchi downy blight at different stages. Then, the model that
performed best was identified through comparisons.
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2. Materials and Methods
2.1. Inoculation and Cultivation of Litchi Downy Blight

The inoculation and cultivation experiment of litchi downy blight was carried out in
the China Litchi and Longan Industry Technology Research System Integrated Laboratory,
College of Engineering, South China Agricultural University, in July 2021. The tested
strain of P. litchii was SHS3, which was stored in the College of Natural Resources and
Environment, South China Agricultural University. The tested litchi fruits were harvested
from the litchi orchard at the Institute of Fruit Tree Research, Guangdong Academy of
Agricultural Science. Before inoculation, the strain was activated in fresh carrot agar
medium, and then, after 5 days of cultivation, a fresh colony of P. litchii was obtained.
Sterilized water (5 mL) was added to the colony and shaken gently to obtain a sporangial
suspension. Meanwhile, the litchi fruits were incubated in the sterile environment of the lab
for over 48 h before the experiment to confirm that they were heathy. Afterwards, healthy
litchi fruits of moderate size were selected, ensuring that their surface was clean and dry,
and placed in a crisper box. Then, 0.05 mL of sporangium suspension was drip-inoculated
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using a pipettor onto the epidermal centre of each litchi fruit. The inoculated fruits were
placed in an incubator at 25 ◦C for moisturizing cultivation. The specific processes of the
inoculation and cultivation experiment are shown in Figure 2.
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All litchi samples were ensured to be healthy before inoculation, and litchi downy
blight was inoculated and cultivated using scientific procedures. Thus, all subsequent
changes in litchi samples were due to litchi downy blight, including color changes, disease
spots, white downy mildew and some other surface properties.

2.2. Spectral Data Acquisition

Spectral data acquisition of litchi downy blight was conducted in July 2021 in the outdoor
space of South China Agricultural University. Spectral data, ranging from 350–1350 nm,
of litchi fruits inoculated with P. litchii were collected by an ASD Field Spec 3 Portable
Spectroradiometer (Analytical Spectral Devices, Inc., Boulder, CO, USA). The instrument is
sensitive to visible and near-infrared light, has a spectral sampling interval of 1.377 nm and
has a spectral resolution of 3 nm at 700 nm [18]. During data acquisition, an optical fibre
probe with a 25◦ field of view was equipped and placed 2 cm vertically above the litchi
sample to be measured. In particular, we ensured that there were no other miscellaneous
objects in the field of view of the probe and that the amount of sunlight was sufficient.
Three spectral data curves were collected for each litchi sample. The process of spectral
data acquisition is shown in Figure 3. The first spectral data acquisition was carried
out before inoculation; thereafter, spectral data were acquired every 24 h. Moreover,
litchi samples were continuously observed, especially the progression of symptoms and
growth of white downy mildew, until the litchi samples were severely infected, at which
time the last spectral data were acquired. Finally, a total of 7 spectral data acquisitions
were accomplished.

2.3. Disease Stages of Downy Blight

The disease stages of litchi downy blight were divided into 4 categories: healthy, latent,
mild and severe. Before the experiment, all litchi samples were observed for 36 h to ensure
healthy conditions. The latent category was defined as the period between inoculation with
P. litchii and the first appearance of prominent lesion spots. As shown in Figure 4, the mild
category refers to visible brown lesion spots on the surface of litchi fruit accounting for
10–30% of the surface area. The severe category refers to the surface of litchi fruit being
totally browned and covered with white downy mildew.
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Figure 4. Images of litchi fruit at different disease stages: (a) healthy, (b) latent, (c) mild and (d) severe.

Principally, the division of different disease stages was based on the duration of
inoculation of P. litchii; however, due to experimental error and individual differences
between litchi fruit samples, the actual disease progression of each sample was slightly
different. Therefore, to improve the quality of the data, agricultural experts were also
invited to evaluate the stages of individual litchi samples through images to calibrate
the division results. Samples whose disease stage was difficult to accurately define were
discarded. Finally, a total of 609 data points were obtained and are shown in Table 1.

Table 1. Distribution of the dataset.

Healthy Latent Mild Severe Total

121 186 109 193 609

2.4. Spectral Data Preprocessing

The original spectral data not only contained the characteristic spectrum of the tested
litchi sample but also contained noise data such as high-frequency random noise and
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baseline drift. Moreover, they are also affected by the physical properties of the samples,
such as viscosity, particle size, surface texture and density. Therefore, before using spectral
data for sample attribute analysis, pretreatment should be carried out first to achieve noise
reduction and reduce the interference of other influencing factors.

2.4.1. Savitzky–Golay Smoothing

The Savitzky–Golay (SG) smoothing method is a widely used spectral denoising
method. Compared with traditional methods, such as moving average smoothing, this
method emphasizes the central role of the centre point. The principle of SG smoothing
is to set a smoothing frame in advance, use the weighted average method to carry out
polynomial least square fitting to the data in the moving frame, and then use the convolution
calculation method to move the frame backwards to complete the smoothing processing of
all data [19].

The smoothing effect varies with the size of the smoothing frame. The larger the frame
size is, the more significant the smoothing effect but the greater the possibility of losing
useful information. In this study, different smoothing frame sizes ranging from 31–51 and
different polynomial orders ranging from 2–4 were tested.

2.4.2. Derivation

The derivative method can be used to eliminate the influence of baseline drift or
gentle background, which is beneficial to improve the resolution and sensitivity of spectral
data. However, if the signal-to-noise ratio (SNR) of the original spectral data is not high
enough, the derivation will further amplify the noise signal and adversely affect the analysis.
Therefore, the derivative method was combined with the SG smoothing method. The SG
smoothing method is a polynomial fitting, and the weighted average expression of the
frame centre required by the derivation of the polynomial can be obtained. The derivative
coefficient can be obtained by least square calculation. The specific calculation method is
as follows

xi′ =
1
A∑ m

j=−mwjxi+j, i =1, ..., n− 2m (1)

where the smoothing frame size is 2 m + 1, A is the normalization constant, xi′ is the
smoothing data of spectral data xi, wj is the corresponding derivative coefficient, and
wj is determined after the frame size is determined. The purpose of multiplying each
measured value by the derivative coefficient wj is to minimize the effect of smoothing on
the useful information, and wj is obtained by polynomial fitting based on the least square
principle. The smoothing effect varies with the differentiation order. In this study, different
differentiation orders ranging from 0–2 were tested. After smoothing, the spectral data
will lose m wavelengths at both ends, and the remaining wavelengths correspond to each
original data point. Therefore, smoothing will not affect the feasibility of the following
further analysis in practical applications.

2.5. Characteristic Wavelength Screening
2.5.1. Competitive Adaptive Reweighted Sampling

CARS is a characteristic wavelength screening method combining Monte Carlo sam-
pling and the regression coefficient of the PLS model, imitating the principle of “survival
of the fittest” in Darwinian evolution theory [20]. In the CARS algorithm, points with
a large absolute weight of the regression coefficient in the PLS model were reserved as
new subsets through adaptive weighted sampling (ARS) each time, and points with small
weights were removed. Then, the PLS model was established based on the new subsets.
After several calculations, the wavelengths in the subset of the minimum root mean square
error (RMSECV) of the PLS model were selected as the characteristic wavelengths.
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2.5.2. Successive Projections Algorithm

SPA is a forward selection variable method of characteristic wavelength screening. By
using projection analysis of vectors, the wavelength is projected onto other wavelengths,
and the size of the projections is compared [21]. The wavelength with the largest projec-
tion vector is selected as the wavelength to be selected, and then the final characteristic
wavelengths are selected based on the correction model. SPA selects the combination of
variables with the least redundant information and the least collinearity. The main steps of
the algorithm are as follows.

The initial iteration vector is denoted as xk(0), the number of variables to be extracted
is N and the number of columns of the spectral matrix is J. Any one column in the optional
spectral matrix is denoted as column j, and we assign column j of the modelling set to xj,
denoted as xk(0).

The set of unselected column vector positions was denoted as s

s = {j, 1 ≤ j ≤ J, j /∈ {k(0), ..., k(n− 1)}} (2)

The projection of xj to the remaining column vectors was calculated separately Pxj

Pxj = xj −
(

xT
j xk(n−1)

)
xk(n−1)

(
xT

k(n−1)xk(n−1)

)−1
, j ∈ s (3)

The spectral wavelength of the largest projected vector was extracted

k(n) = arg
(

max
(
‖Pxj‖

)
, j ∈ s

)
(4)

To make xj = Pxj , j ∈ s, when n ≤ N, the rule n = n + 1 was applied, and then loop
calculations were performed.

Finally, the extracted variables were
{

xk(n) = 0, ..., N − 1
}

, corresponding to k(0) and
N in each cycle. Multivariable linear regression (MLR) models were built separately, and the
root mean squared error (RMSE) for the interactive validation of the model was obtained.
For different candidate characteristic subsets, the values of k(0) and N corresponding to
the smallest RMSE value were the optimal values.

2.6. Classification Models

To correctly evaluate the spectral data corresponding to different disease stages of
litchi downy blight, the problem was approached as a classification problem. When a group
of litchi spectral data is obtained, the model can automatically determine which data point
is healthy, latent, mild or severe to complete the identification of the disease stages of litchi
downy blight. There are many classification models that can achieve such tasks, such as
decision trees, LDA, naive Bayesian classifiers, KNN, SVMs and ANNs.

The decision tree algorithm [22] uses a tree structure and layer reasoning to achieve
the final classification. The amount of calculation is relatively small, and it is easy to convert
into classification rules. In this study, the split criterion was set as gin’s diversity index, and
the maximum number of splits was 20.

LDA [23] finds the optimal projection direction, projects the points in the high-
dimensional space to the low-dimensional space, and then reclassifies the low-dimensional
space. Generally, for linearly separable samples, LDA makes the samples remain linearly
separable after dimensionality reduction through a projection direction, the distance be-
tween samples of different categories is as far as possible, and the same sample is as
concentrated as possible.

The idea of the naive Bayesian classifier [24] is to treat the spectral characteristic vector
of the classified sample, calculate the probability of each category under the condition of
the spectral characteristic vector, and consider the sample to be classified as the category
with the highest probability. In this study, the numeric predictors are set as the kernel, and
the kernel type is set as Gaussian.
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KNN [25] is a nonparametric method, the idea of which is that if most of the samples
have similar K values in the feature space (that is, the closest neighbors in the feature space)
belong to a certain category, the sample also belongs to this category. In this study, the
distance metric was set as a cosine, and the number of neighbors was 10.

The basic idea of SVMs [26] is to construct an optimal decision hyperplane in the
feature space, which maximizes the distance between the hyperplane and the nearest
samples of different classes. SVMs are suitable for solving the problem of high-dimensional
classification of small samples. In this study, the kernel function of the SVM was set
as quadratic.

ANNs are designed based on the research results of biological neural networks and are
systems composed of many simple processing units working in parallel. The ANN function
depends on the structure of the network, the connection strength and the processing mode
of each unit. ANNs have great potential in information processing. In this study, the type
of ANN was a wide neural network, and the number of fully connected layers was one,
with a layer size of 100. The activation function was ReLU, the iteration limit was 1000, and
the regularization strength (lambda) was 0.

In summary, the classification models were used to identify the spectral data of
litchi downy blight at different disease stages. In this study, both the original full-band
spectral data and the selected characteristic wavelength data were tested, and their accuracy
calculated and compared.

All of the analytical procedures used in this study were performed with algorithms
developed in MATLAB vR2021a software; specifically, the classification models were
analysed using the Statistics and Machine Learning Toolbox (Version 12.1).

3. Results
3.1. Spectral Data Characteristics of Litchi Downy Blight

The pathogenic process of litchi downy blight developed rapidly after inoculation
with P. litchii, and it only took 5 days to achieve the severe stage. The figures show the
original spectral data corresponding to samples at different disease stages of litchi downy
blight. Overall, the trend of the spectral curves was basically consistent, indicating that
the experiment is reliable. The characteristics of spectral curves corresponding to different
disease stages were significantly different, especially in the range of 400–950 nm, which
covers visible and near-infrared light (Figure 5). Therefore, it is feasible to distinguish
different disease stages of litchi downy blight through spectral data.

Litchi fruits of the healthy category of downy blight had abundant spectral reflection
in the visible light range, showing a reflection peak at approximately 660 nm, reflecting the
red color characteristic of litchi fruits and forming a platform characteristic at 750–930 nm
(Figure 5a).

During the latent category of downy blight, the litchi fruit surface began to show
slight browning, which was difficult to detect by visual observation. The spectral curve of
litchi fruit in the range of 600–930 nm was smoother than that of healthy fruit, showing
an upwards convex curve in general, especially the small wave valley at 685 nm, which
decreased or even disappeared (Figure 5b).

When the mild category of downy blight was present, there were obvious dark brown
spots on the surface of litchi fruits, with white downy mildew present around the spot area.
The reflectance of the spectral curve in the range of 600–930 nm was lower than that of the
latent category, and the slope was close to 1 (Figure 5c).

The surface of litchi fruit of the severe category of downy blight was completely brown
and covered with a thick layer of white downy mildew. The reflectance of the spectral curve
decreased further in the range of 700–930 nm but increased in the range of visible light,
which was inferred to be related to the significant change in the surface color characteristics
of litchi fruit (Figure 5d).
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In addition, in the near-infrared spectrum range of 950–1350 nm, the spectral data
corresponding to different disease stages of downy blight showed little difference. At
approximately 1150 nm, relatively obvious noise was observed. This noise existed in the
spectral data of all samples and was relatively uniform. Therefore, noise was not considered
to affect the subsequent experimental analysis.

3.2. Result of Spectral Data Preprocessing

The original spectral data without processing have a large number of fluctuations
caused by high-frequency noise, showing a jagged shape on the spectral curve. In addition,
due to the difference in ambient light in different samples and the scattering influence
brought by sample surface granularity, although the equipment was calibrated in time
during the experiment, there was still a certain difference in the amplitude of the spectral
curve (Figure 6a).
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The original spectral data were processed by SG smoothing, the sawtooth on the
spectral curve was reduced, the curve became smoother, and the noise was reduced.
Moreover, the original trend and characteristics of the spectral curves were preserved. In
particular, the noise near 1150 nm was substantially reduced, which sufficiently reflected
the effect of smoothing (Figure 6b).

Additionally, the original spectral data were processed by first and second derivatives
with the SG smoothing method, which greatly reduced the difference in the amplitude of the
spectral curve and made all curves more concentrated. The smoothing process of spectral
data also plays a role in normalization, and the absolute value difference between different
spectral curves can be weakened, while the relative value difference can be prominent.
Among them, the normalization effect of data smoothed by the second derivative was
better than that achieved by the first derivative, and all curves were clustered near each
other, which simplified and stabilized subsequent operations. The positions with large
curve fluctuations reflect the differences of different curves, and these positions are also
more likely to have characteristic wavelengths (Figure 6c,d).

In conclusion, smoothing processing can effectively reduce the impact of noise on
spectral data and helps the subsequent selection of characteristic wavelengths and the
establishment of an analysis model [27]. However, in the process of smoothing, the selection
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of key parameters is also very important, and parameter selection will be further discussed
in the following paragraphs.

3.3. Characteristic Wavelength Sensing Results
3.3.1. Result of Key Parameter Selection

In the experimental process, it was found that when derivations with the SG smoothing
method were used to preprocess spectral data, different key parameters not only had a
direct impact on the shape of the spectral curve but also had a significant impact on
the subsequent results of characteristic wavelength screening. Among them, different
frame sizes, polynomial orders and differentiation orders had a decisive influence on
data smoothing and subsequent characteristic wavelength screening. Thus, orthogonal
experiments were designed for these parameters to optimize the combinations. Through
a certain pretest, three levels of smoothing frame size were selected, 31, 41 and 51; three
levels of polynomial order were selected, 2, 3 and 4; three levels of differentiation order
were selected, 0, 1 and 2. In summary, an orthogonal experiment with three factors and
three levels was designed, with a total of nine groups of experiments. Then, on the basis of
the results of each group of experiments, CARS and SPA were used to select characteristic
wavelengths, and the corresponding number of characteristic wavelengths was obtained,
as shown in Table 2.

Table 2. Orthogonal experiments of parameter combinations in preprocessing and the corresponding
number of characteristic wavelengths obtained using CARS and SPA.

Frame Size Polynomial Order Differentiation Order CARS SPA

1© 31 2 0 146 37
2© 31 3 2 41 21
3© 31 4 1 60 22
4© 41 2 2 36 11
5© 41 3 1 99 26
6© 41 4 0 113 44
7© 51 2 1 68 32
8© 51 3 0 77 25
9© 51 4 2 87 26

It can be seen from the experimental results that the influence of different parameter
combinations on the selection of characteristic wavelengths was significant. Overall, the
results of CARS and SPA showed the same variation trend under different parameter
combinations, but the result of SPA was better than that of CARS in each group. Among
them, the best results all appeared in group 4©, where the smoothing frame size was 41, the
polynomial order was 2, and the differentiation order was 2. CARS selected 36 wavelengths,
and SPA selected 11 wavelengths.

3.3.2. Result of Competitive Adaptive Reweighted Sampling

The process of CARS characteristic wavelength screening was as follows. After re-
peated comparison, Monte Carlo sampling times were set to 50 in this study [28]. As
shown in Figure 7a, with increasing sampling times, the number of selected wavelengths
gradually decreased. As shown in Figure 7b, RMSECV gradually decreased and then
gradually increased after reaching the lowest point. It is generally believed that the decline
in RMSECV reflects the removal of invalid information in spectral data, while the rise
in RMSECV reflects the removal of effective information in spectral data. Therefore, the
lowest RMSECV was selected as the result. The positions marked by solid vertical lines in
Figure 7c represent the regression coefficients of each variable when RMSECV reached the
minimum value. At this time, the sampling ran 27 times, and the number of characteristic
wavelengths selected by CARS was 36.
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3.3.3. Result of Successive Projections Algorithm

The process of applying SPA to characteristic wavelength screening was as follows.
SPA determined the number of characteristic wavelengths based on RMSE. As shown in
Figure 8a, when the number of wavelengths increased from 1 to 11, the RMSE decreased
rapidly and then plateaued after a slight fluctuation. Through experiments, it was found
that RMSE tended to flatten after a rapid decline, and the RMSE changed very little at this
time. If the minimum RMSE point was pursued, the number of characteristic wavelengths
increased to varying degrees. Therefore, a point that was not significantly greater than
the minimum RMSE was selected as the result according to the F test in this study to
optimize the characteristic wavelength screening process [29]. Finally, 11 wavelengths were
selected as characteristic wavelengths, and the specific distribution is shown in Figure 8b.
The characteristic wavelengths were mainly distributed in the visible spectral range of
550–760 nm and the near-infrared spectral range of 1100–1150 nm.

3.3.4. Result of Characteristic Wavelengths

By observing the characteristic wavelength distribution corresponding to the charac-
teristic wavelength selection test results, it was found that the characteristic wavelengths
selected by CARS were relatively scattered, with many consecutive adjacent wavelengths
and more redundancy, which had a relatively poor performance.

The characteristic wavelengths selected by SPA were mainly distributed in the visible
spectral range of 560–760 nm and the near-infrared spectral range of 1100–1150 nm, which
corresponded to the regions with large fluctuations, as shown in Figure 6d, with fewer
numbers and better effects. Therefore, 11 wavelengths selected by SPA in group 4© of
the experiment shown in Table 2 were finally confirmed as characteristic wavelengths for
subsequent analysis [30]. The selected characteristic wavelengths are shown in Table 3.
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Table 3. Characteristic wavelengths.

Method Selected Wavelength (nm)

CARS
426, 549, 550, 637, 638, 639, 689, 707, 708, 727, 728, 739, 740, 746, 806, 811,
812, 817, 831, 832, 833, 834, 902, 903, 984, 997, 1011, 1026, 1075, 1192, 1208,

1224, 1275, 1284, 1292, 1295
SPA 567, 695, 709, 746, 812, 1014, 1106, 1124, 1134, 1145, 1149

3.4. Result of Classification Models

In this study, full-band spectral data and 11 characteristic wavelengths selected by SPA
were tested to compare the effects of different classification models. As shown in Table 4,
70% of all 609 data points were used as training data, and 30% were used as test data.
Considering the small training set, cross-validation was adopted in the training process,
and the number of cross-folds was 15.

Table 4. Partitioning of the training set and test set.

Quantity Percentage

train 426 70%
test 183 30%
total 609 100%

The data of the training set were imported into a decision tree, LDA, a naive Bayesian
classifier, KNN, an SVM and an ANN. After the training, the model was tested with the
test set, and the accuracy of different classification models was calculated. Accuracy P was
calculated as follows, where T represents the total number of samples in the test set and C
represents the number of correctly classified samples in the test set.

P =
C
T
× 100% (5)

Finally, the accuracy of each classification model is shown in Table 5. In general, the
accuracy of the test set reached a good level, which had reference significance for practical
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production practice. Among them, the average accuracy of the test set of full-band spectral
data was 92.1%, and the average accuracy of the test set of 11 characteristic wavelengths
selected by SPA was 85.6%. By selecting characteristic wavelengths, 1001 wavelengths
were replaced by 11 wavelengths, and the number of wavelengths was only 1.1% of the
original. Even if the number of wavelengths was greatly reduced, the accuracy of the
classification model was only reduced by 6.5 percentage points, and the performance of
classification was basically not reduced, which fully embodied the value of preprocessing
with SG smoothing and the SPA algorithm.

Table 5. The accuracy of each classification model.

Model
Full Wavelengths 11 Selected Wavelengths

Validation Test Validation Test

Decision Tree 91.5% 87.4% 92.0% 82.5%
LDA 89.9% 94.5% 88.5% 80.3%

Naive Bayes 90.1% 83.6% 93.0% 86.3%
KNN 91.5% 93.4% 91.8% 84.2%
SVM 99.5% 96.2% 94.8% 89.6%
ANN 99.5% 97.3% 91.8% 90.7%

Specifically, the best classification models were the SVM and ANN. The accuracy of
the test set of the full-band spectral data reached 96.2% and 97.3%, and the accuracy of
the test set of the 11 characteristic wavelengths reached 89.6% and 90.7% for the SVM and
ANN, respectively.

For further analysis of the ANN model, with the highest accuracy of 90.7% in the
test set, 11 characteristic wavelengths were used. Through a confounding matrix, the
accuracy of categories of health, latent, mild and severe were 100%, 85.7%, 72.7% and 100%,
respectively (Figure 9).
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In the classification and recognition of litchi downy blight, the classification model
can recognize and classify health and severe categories well, but it may misidentify the
latent and mild categories to some extent. This result is because both the healthy and severe
categories have distinct and definite characteristics that are relatively easy to accurately
evaluate. However, the latent and mild categories were the transition state in the process
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of change, and the characteristics were relatively obscure, so they were more difficult
to classify.

4. Discussion

According to the results shown above, the nondestructive testing method based on
the spectral analysis proposed in this paper has unique advantages in the detection of litchi
downy blight. On the one hand, compared with the image recognition method based on
visible light images, the spectral method has higher sensitivity and accuracy, enabling the
identification of the early stage of litchi downy blight and classification of different disease
stages. Imaging methods are unable to easily perform this identification and classification.
On the other hand, compared with traditional biochemical or molecular detection methods,
the spectral method is more intelligent and shows potential to achieve the nondestructive
identification of litchi downy blight at different stages.

In the analysis of spectral data in this paper, the SG smoothing method was used
for pretreatment and was found to be effective. Additionally, the noise caused by the
environment, equipment and other factors in the original spectral data can be effectively
reduced. Smoothing and denoising were essential in the processing of spectral data analysis.
Notably, several parameters, such as frame size, polynomial order and differentiation order,
affected the smoothing results. In general, excessive smoothing resulted in the loss of some
information. Therefore, there was a balance to be achieved.

The original spectral data of litchi downy blight collected in this paper cover a wide
range of wavelengths from 350–1350 nm; however, the large amount of spectral data is
unacceptable in practical applications due to the associated cost. Thus, the selection of
characteristic wavelengths is very constructive. CARS and SPA are typical characteristic
wavelength screening methods. In this paper, SPA performed better, as also reported
in other studies [31]. Moreover, our results confirmed that characteristic wavelength
screening can improve the efficiency of the applied model because the quantity of spectral
data significantly reduced.

Of the 11 characteristic wavelengths selected, four belonged to the visible band, which
was distributed in the region of red and yellow light. Visible light is often used for color
evaluation and pigment analysis. With the infection of downy blight, the surface of litchi
gradually changed from red to brown and white, indicating that the spectroscopy analysis
could be used to identify downy blight by obtaining the color and pigment information [32].
The other seven characteristic wavelengths belonged to near-infrared bands, and the
correlation between these wavelengths and litchi downy blight was difficult to determine,
but it was inferred to be related to the following factors. When infected with downy blight,
the epidermis of litchi became softer, stickier, smoother and moister. Furthermore, the
inside of litchi fruit began to rot when severely infected. Theoretically, the NIR spectrum is
sensitive to these changes, which can be beneficial for identifying litchi downy blight.

In this paper, the last and most important step of spectral data analysis was to classify
spectral data with classification models. Studies in many other fields have verified that
classification models have strong analytical ability. In our identification of litchi downy
blight based on spectral data, it was also verified that classification models perform well.
The excellent performance of ANNs, as advanced deep learning tools, was expected.

5. Conclusions

This study was the first to complete the exploration of applying the diffuse reflectance
spectrum data analysis method to the intelligent identification of litchi downy blight and
confirmed that the classification and judgement of different disease stages of litchi downy
blight can be realized by analyzing diffuse reflectance spectrum data with certain methods.
By preparing experimental materials and collecting experimental data, a controlled and
scientific dataset of litchi downy blight was obtained, including the spectral data of different
categories of healthy and latent, mild and severe infection. In data analysis, SG smoothing
and the derivation method were combined to preprocess the original data, and then CARS
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and SPA characteristic wavelength screening methods were compared. The experiment
showed that the SPA method had better performance after optimizing the parameters.
Afterwards, 11 characteristic wavelengths were selected, accounting for only 1.1% of
the original data. Finally, the characteristic wavelengths were imported into different
classification models for training, and their accuracy was tested. Decision tree, LDA, naive
Bayesian classifier, KNN, SVM and ANN methods were compared, and the ANN model
was the best, with an accuracy of 90.7%. The above work laid a theoretical foundation for
diffuse reflectance spectroscopy in the identification of litchi downy blight and provided
a reference for its application in practical production. An improvement in the precise
control of litchi downy blight is beneficial to promote a reduction in chemical use and
improvements in the yield and quality of litchi. Litchi producers obtain greater economic
benefits, litchi consumers obtain more delicious high-quality litchi, and the litchi industry
continues to develop well.
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A B S T R A C T

In mechanized rice planting, missing seedlings can result from several factors, such as missed transplanting by 
transplanters, missed sowing by seed sowing machines, and floating or dead seedlings after transplanting, ul
timately decreasing land utilization and rice yield. Timely detection of missing seedlings and targeted replanting 
are essential for minimizing wastage of land, water, and fertilizer resources, while also enhancing yield. 
Traditional detection methods, including photoelectric sensors and machine vision, suffer from limitations like 
complex structures and difficulty in rapidly and accurately obtaining geographical coordinates of missing 
seedlings. To address these limitations, this paper proposes a novel missing seedling detection method based on 
UAV (unmanned aerial vehicle) imagery combined with rice transplanter operation information. Initially, UAVs 
captured images of rice seedlings to construct a comprehensive dataset, from which a rice seedling detection 
model meeting accuracy requirement was developed. Subsequently, the transplanting trajectory of the trans
planter was derived based on the navigation data, and combined with parameters such as transplanting and row 
spacing, the “theoretical” position points of each seedling in the paddy field were determined. A rectangular area 
with a defined threshold range centered on each “theoretical” position point was constructed as the missing 
seedling detection region. The developed detection model was then applied to detect the presence of actual 
seedlings within these regions, identifying missing seedling areas. Additionally, a coordinate transformation 
algorithm was implemented to derive precise geographical coordinates for each missing seedling location. 
Experimental results indicated that, in randomly selected plots, the proposed method achieved a recall rate 
exceeding 80% and a precision rate over 75%. By leveraging UAV imagery and transplanter operation data, this 
method minimizes dependency on complex detection algorithms, enhances detection accuracy, and enables 
acquisition of precise geographical coordinates for missing seedlings, supporting subsequent unmanned 
replanting efforts

1. Introduction

Rice is one of the three major food crops in the world, with over 50 % 
of the global population relying on rice as their staple food (Singh et al., 
2023). At present, the mechanized planting of rice mainly includes two 

methods: seedling raising and transplanting, and direct sowing (Hou 
et al., 2019). The seedling raising and transplanting method mainly 
involves the processes of selecting seeds, sun drying seeds, soaking 
seeds, and promoting germination to first raise rice seedlings, and then 
transplanted the raised seedlings to the paddy field. In contrast, the 
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direct sowing method simplifies this process by allowing seeds to be 
sown directly onto the ridges of the paddy field using a sowing machine. 
When the seedling picking or feeding mechanism of the rice transplanter 
malfunctions or the seedlings are raised unevenly, or when the metering 
device of the seed sowing machines malfunctions, it can lead to missing 
seedlings (Deng et al., 2023). In addition, after transplanting (or direct 
sowing), seedlings (or seeds) are susceptible to temperature, soil quality, 
light, diseases, insects and other factors. These can prevent some seed
lings (seeds) from surviving and growing healthily and normally, lead
ing to seedlings missing in the field. Therefore, missed planting by 
transplanters, missed sowing by seed sowing machines, as well as 
floating and dead seedlings after transplanting can all contribute to 
seedling missing, thereby reducing land utilization and rice yield.

For the problem of missing seedlings, the most used solution is 
“planting first and filling later”, which means transplanting or sowing 
first, and then replanting the seedlings in positions of missing seedlings 
(Cui et al., 2023). Currently, the main method for replacing missing 
seedlings is manual labor, which involves manually traversing and 
inspecting farmland, searching for the location of the missing seedlings, 
and then manually replanting. However, this method is inefficient, time- 
consuming, and labor-intensive, which is not suitable for large-scale 
agricultural productions (Vong et al., 2021). If missing seedlings can 
be detected first after transplanting or sowing, allowing for the precise 
identification of their locations, it would significantly reduce the time 
and labor required for replanting. It can also provide accurate missing 
seedling location coordinates for future unmanned automatic replant
ing, facilitating precise interventions. Therefore, conducting research on 
missing seedlings detection will help improve the efficiency of seedling 
replanting and achieve unmanned and precise replanting, which is of 
great significance for reducing waste of land, water and fertilizer re
sources, and increasing rice yield.

Regarding seedlings detection, researchers have conducted extensive 
studies and achieved significant results. Technically, there are mainly 
two detection methods: photoelectric sensor detection (Maldaner et al., 
2021; Abbas et al., 2020) and machine vision detection (Varela 
et al.,2018; Wu et al., 2019).

The photoelectric sensor detection method is primarily used during 
the seedling stage or the transplanting process. It involves positioning 
photoelectric sensors, such as lasers and optical fibers, at specific points 
to monitor seedling trays, stems, and tubes (Yao et al., 2024). By 
analyzing variations in photoelectric signals with and without seedlings, 
it allows for the identification of missing seedlings. Jin et al. (2018)
developed an intelligent transplanting system that utilizes photoelectric 
sensors to bypass empty soil bases in potted pepper seedlings, effectively 
addressing yield loss due to high rates of missed transplants. Yao et al. 
(2024) created a transverse conveying device for cabbage seedling trays 
and a longitudinal seedling picking device, incorporating photoelectric 
sensors to ensure precise positioning during conveyance and picking, 
thus minimizing damage to remaining seedlings. Sharma et al. (2022)
introduced an intelligent transplanting method for Mexican pepper 
seedlings that accurately identified healthy, sub-healthy, low-quality, 
and empty tray units using photoelectric sensors, achieving a 12 % 
reduction in the annual missed transplanting rate compared to tradi
tional methods. However, the effectiveness of the photoelectric sensor 
detection method is significantly influenced by lighting conditions and 
the farmland background, and some sensors can be prohibitively 
expensive, limiting their application for missing seedling detection in 
large-scale rice fields after transplanting.

With the rapid development of algorithms and the continuous 
improvement of computer hardware performance, machine vision 
detection methods have gained significant popularity in crop seedling 
detection (Oh et al., 2020). Researchers have employed these methods to 
assess the growth conditions of various crops, including rice (Cui et al., 
2023), corn (Osco et al., 2021), citrus trees (Osco et al., 2020), and 
cotton (Feng et al., 2020). Machine vision detection methods can be 
broadly classified into two main categories: traditional machine 

learning and deep learning. Traditional machine learning methods pri
marily rely on manually defined rules and features for object recogni
tion, making it difficult to handle complex and dynamic environments 
and resulting in poor performance when recognizing newly emerging 
objects (Banerjee et al., 2021; Shirzadifar et al., 2020). In contrast, deep 
learning methods use neural networks to automatically learn the fea
tures of objects, eliminating the need for manually defined rules. These 
models are capable of automatically extracting high-level features from 
images, making them particularly well-suited for complex and dynamic 
environments. As a result, deep learning has become the dominant 
approach in visual detection. Cui et al. (2023) introduced a deep 
learning-based approach to estimate the number of missing rice seed
lings using low-altitude UAV video. This method integrates the Paddy- 
YOLOv5s-Prune model, the ByteTrack tracking algorithm, and a Py
thon program for counting the missing seedlings. Barreto et al. (2021)
developed a sugar-beet seedling counting model based on drones (UAV) 
and deep learning, which can accurately determine the exact stem po
sitions of crop and weed plants and perform pixel-wise plant classifi
cation, taking into account crops, weeds, and soil. Additionally, machine 
vision method can also be applied to detect plug seedlings (Li et al., 
2024; Fu et al., 2022). Liu et al. (2023) developed an algorithm to 
determine the optimal gripping angle for seedling insertion based on 
machine vision, which minimizes mechanical damage during seedling 
pickup and enhances the transplanting quality of plug seedlings. Yan 
et al. (2023) proposed a detection method for missed tomato plug tray 
seedings using machine vision, allowing for precise identification of 
tomato seeds and plug trays against complex backgrounds, locating the 
corresponding holes, and providing coordinates for missed holes to 
control replanting devices for cell replenishment. However, the machine 
vision detection method has high requirements for image quality, and it 
cannot directly and accurately obtain the geographical coordinates of 
the missing seedling locations, which is not conducive to subsequent 
unmanned precise replanting.

In response to the limitations of the commonly used photoelectric 
sensor detection and machine vision inspection methods mentioned 
above, this paper proposed a novel missing seedling detection method 
based on UAV images and rice transplanter operation information. 
Through image recognition and combined with rice transplanter oper
ation information, the proposed method can quickly detect the location 
of missing seedlings and accurately obtain their coordinates.

The detection process for the method proposed in this paper is as 
follows: first, rice seedling images were captured by UAVs, and a rice 
seedling dataset was established. After training, a rice seedling detection 
model that met accuracy requirements was developed. Next, the trans
planting trajectory of the transplanter was acquired, which, combined 
with parameters such as plant spacing and row spacing, allowed for 
determining the “theoretical” position of each seedling in the paddy 
field. Then, a rectangular area centered around each “theoretical” 
seedling position with a specific threshold range was created as the 
missing seedling detection region. The trained rice seedling detection 
model was subsequently used to determine the presence of actual 
seedlings within this constructed region, thereby identifying any missing 
seedlings. Additionally, a coordinate transformation algorithm was 
applied to retrieve the geographical coordinates corresponding to the 
locations of missing seedlings.

2. Materials and methods

2.1. Seedling images acquisition and recognition

2.1.1. Rice field images acquisition, synthesis, and segmentation
The rice field images used in this paper were collected by using a DJI 

Phantom 4 RTK aerial survey drone at Shapu Farm in Dinghu District, 
Zhaoqing City, Guangdong Province, China. The left side of Fig. 1
highlights the specific area where the UAV image acquisition took place 
in the Shapu Farm. The first round of image acquisition occurred on the 
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day of rice transplanting, followed by two additional rounds within a 
month after the transplanting operation. These acquisitions took place 
on March 29, 2023, at 11:00 AM; April 11, 2023, at 11:00 AM; and April 
21, 2023, at 11:00 AM, respectively. At these times, the sunlight con
ditions were optimal, with minimal water reflection in the rice fields, 
aligning with the experimental requirements. The three image acquisi
tions resulted in 1242, 1063, and 2019 images, respectively, totaling 
4324 images. The upper part of Fig. 1 shows a typical low-altitude high- 
definition remote sensing image of the rice fields, highlighting the dis
tortions present in the image captured directly by the UAV.

Since it is impossible to directly obtain the overall coordinate in
formation of the rice field from the local images collected by the UAV, it 
is necessary to synthesize the local images to obtain the panoramic 
image of the rice field (Wu et al., 2023). In this paper, DJI TERRA 
software was used to synthesize the panoramic image of rice field. DJI 
TERRA is a 3D (three dimensional) model reconstruction software that 
has photogrammetry as its core technology. Utilizing Structure from 
Motion (SFM) and Multi-View Stereo (MVS) techniques, it stitches 
segmented images into a high-definition 2D (two dimensional) pano
ramic image of the entire rice field, based on parameters such as 
shooting height, geographical position, pan-tilt angle, and the overlap 
rate between adjacent images. The middle section of Fig. 1 displays the 
synthesized 2D orthorectified panoramic image of the rice field. While 
this image provides overall coordinate information, it cannot be directly 
applied to deep learning models due to the detection principles of object 
detection frameworks. Therefore, it is essential to crop the panoramic 
image into a series of 640 × 640 pixel segments. The lower right part of 
Fig. 1 shows one of these segmented images, which will serve as the 
dataset for subsequent model training and missing seedling detection.

2.1.2. Rice seedlings recognition
To achieve rapid and accurate detection of seedlings in images, we 

employed the YOLOv5 7.0 algorithm to develop a seedling detection 
model, leveraging its strong generalization capabilities and fast detec
tion speed. Initially, the image annotation tool LabelImg was used to 
annotate the rice seedlings in the images (640 × 640 pixel segmented 
images) collected in Section 2.1.1. A total of 6407 images were anno
tated, and the dataset was randomly divided into a training set and a 
validation set in a 4:1 ratio. Through training, the optimal weight value 
was obtained. The training environment consisted of Ubuntu 18.04, an 

RTX A4000 (16 GB) GPU, an i7-12700 K CPU, 64 GB of RAM, and the 
PyTorch framework. Ultimately, a seedling detection model was con
structed using the optimal weights obtained from the training process.

To enhance the training speed of the seedling detection model, 
improve its recognition capability, and reduce the risk of overfitting, 
incremental training method was employed to train the rice seedling 
detection model. This approach consists of two training sessions: pre- 
training and final training. Initially, the rice seedling detection model 
was pre-trained using the initial weights of YOLOv5, with 1397 
randomly selected images as input for 100 training rounds. Upon 
completing the pre-training, the optimal weights obtained were then 
utilized for the final training phase. In this stage, 5103 randomly 
selected images were inputted for an additional 300 training rounds. 
However, as the number of training rounds increased during the final 
phase, the model’s performance improvements became marginal. To 
avoid the risk of overfitting, training was halted at the 185th round. 
Fig. 2 shows the flowchart of the training process for the rice seedling 
detection model. Through this incremental training method, a total of 
285 rounds of pre-training and final training were conducted, resulting 
in the seedling detection model achieving an accuracy of 87 % in 
identifying rice seedlings. This demonstrates good detection perfor
mance and meets the detection requirements outlined in this paper.

2.2. Theoretical position determination of rice seedlings based on 
transplanter operation information

2.2.1. Construction of operation trajectory of rice transplanter
To determine the theoretical position of rice seedlings in the paddy 

field, it is essential to first obtain the trajectory of the rice transplanter 
during the transplanting process. Due to the difficulty of directly 
capturing the transplanting trajectory from UAV images of the rice field, 
the navigation data stored in the transplanter’s navigation system would 
be utilized to reconstruct the transplanting trajectory.

The rice transplanter used in this paper is the ISEKI PZ60, equipped 
with a Beidou navigation system. It features a six-row synchronous 
transplanting mechanism, allowing for the simultaneous transplanting 
of six rows of rice seedlings, as illustrated in Fig. 3. The transplanter has 
a wheelbase of 1000 mm and a track width of 1200 mm. During oper
ation, the theoretical distance between adjacent seedlings in the same 
row is 18 cm, while the distance between rows is 30 cm, with all rows 

Fig. 1. Rice field image acquisition, synthesis, and segmentation.
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running parallel. Using the orientation of the transplanter head as a 
reference, the transplanter receives and records the position information 
of the rightmost transplanting trajectory (among the 6 transplanting 
trajectories) via a satellite signal receiver. During transplanting opera
tions, the transplanting mechanism attached to the tail of the trans
planter synchronously transplants six rows of rice seedlings. The 

trajectory of the transplanter is consistent with the rice seedling row. A 
schematic diagram of the transplanting process is shown in Fig. 3.

To generate the transplanting trajectory of the rice transplanter and 
facilitate subsequent detection of missing seedlings, a blank image 
matching the dimensions of the 2D orthorectified panoramic image of 
the entire rice field (shown in Fig. 1) is first created. Considering that 

Fig. 2. Flowchart of the training process for rice seedling detection model.

Fig. 3. Operation scenario and schematic diagram of the transplanting process.

Fig. 4. Schematic diagram for creating blank images of rice field.
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each transplanting operation consists of six seedling rows, drawing all 
six rows simultaneously on a single blank image complicates the 
recognition process. It also makes it more difficult to derive the theo
retical positions of the rice seedlings. Therefore, six identical blank 
images will be created in this paper (as shown in Fig. 4), and the six 
seedling rows will be drawn on the six blank images respectively.

The autonomous rice transplanter utilizes longitude and latitude 
information for localization and path planning. During the transplanting 
operation, the satellite signal receiver mounted on the right side of the 
transplanter only receives and records the position information of the 
rightmost transplanting trajectory among the six transplanting trajec
tories. Consequently, it is essential to deduce the positions of the other 
five transplanting trajectories to form a complete set. The rightmost 
transplanting trajectory can be obtained by sequentially connecting 
actual satellite navigation recording points. To obtain the other five 
simultaneous transplanting trajectories, we first need to derive the vir
tual navigation recording points for these five trajectories. Considering 
that in each transplanting operation, the six simultaneous transplanting 
trajectories are parallel to each other and the distance between any two 
adjacent trajectories is equal, the virtual navigation recording points on 
the other five simultaneous transplanting trajectories can be deduced 
from the actual navigation recording point on the rightmost trajectory, 
as illustrated in Fig. 5.

As shown in Fig. 5, the geographical distance between the virtual 
navigation recording point T on the adjacent transplanting trajectory to 
be derived and the actual navigation recording point D on the rightmost 
transplanting trajectory is 30 cm. This means that the distance between 
the two points in the geographical coordinate system is 30 cm. Since the 
pixel coordinate and geographical coordinate of point D are known, 
along with the angle between the rightmost transplanting trajectory X 
and the Earth’s true north direction, the latitude and longitude values of 
the virtual navigation recording point T on the adjacent transplanting 
trajectory can be calculated using formulas (1) to (5). Subsequently, the 
corresponding pixel coordinates can be obtained through coordinate 
transformation. Fig. 6 illustrates the schematic of spherical coordinate 
points on Earth, where points A and B represent two locations on the 
Earth’s spherical surface. The angle a is defined as the angle between the 
line connecting point A and the center of the Earth and the line con
necting the North Pole to the Earth’s center. Similarly, angle b represents 
the angle for point B, and angle c is the angle between the lines con
necting points A and B to the center of the Earth. Since the Earth can be 
approximated as a sphere, the distance between two points on its surface 
can be calculated using the spherical cosine formula (Tian et al., 2023). 
While the Earth is, in fact, an imperfect sphere, applying the spherical 
cosine formula may introduce some error. However, because the Earth’s 
radius is significantly larger than the distance between the two points 
being measured, this error can be considered negligible.

Since the spherical distance LAB between points A and B is known, 

combined with the Earth’s mean radius R, the curvature value c’ of angle 
c can be derived using formula (1) 

cʹ =
LAB

R
(1) 

Radians can be converted into angular values by using formula (2) 

c = 180⋅
cʹ

π (2) 

Since the longitude and latitude coordinates (Aj, Aw) of point A are 
known, the magnitude of angle a is a = 90-Aw. By applying the spherical 
cosine formula (3) in conjunction with the trigonometric identity for
mula (4), the magnitude of angle b can be determined. Consequently, the 
latitude of point B is Bw = 90-b. 

cosc = sina⋅sinb⋅cosc+ cosa⋅cosb (3) 

(sina)2
+(cosa)2

= 1 (4) 

Then, according to the spherical distance formula (5), the longitude 
value Bj of point B can be obtained. 

LAB = R⋅arccos
[
cosAwcosAwcos(Aj − Bj) + sinBwsinBw

]
(5) 

It is important to note that the Bj obtained from formula (5) yields 
two possible values. Therefore, the longitude of point B must be deter
mined based on the relative positions of points A and B.

Since any two transplanting trajectories are parallel to each other 
and the distance between adjacent trajectories is fixed, the pixel coor
dinate value of each virtual navigation recording point on any trans
planting trajectory can be sequentially derived based on the calculation 
principle of distance between spherical coordinate points discussed 
above. These derived pixel coordinates can then be connected in 
sequence to create six sets of simultaneous transplanting trajectories, 
which can be plotted onto the six blank images shown in Fig. 4 to pro
duce six transplanting trajectory maps. As described in section 2.1.1, the 
2D orthorectified panoramic image of the entire rice field (illustrated in 
Fig. 1) has been segmented to generate images of uniform size (640 ×
640 pixel). To ensure that the transplanting trajectories in the maps 
align with the actual transplanting paths in the segmented images, it is 
necessary to apply the same segmentation process to the six trans
planting trajectory maps, yielding segmented images of 640 × 640 pixel. 
Fig. 7 presents a schematic diagram of the segmentation process for the 
six transplanting trajectory maps.

2.2.2. Determination of the theoretical position of rice seedlings
There is a one-to-one correspondence between the transplanting 

trajectory in the segmented image of the transplanting trajectory map 
and the transplanting trajectory in the segmented image of the rice field. 
Therefore, recognizing the transplanting trajectory in the rice field Fig. 5. Schematic diagram for deriving the transplanting trajectory.

Fig. 6. Schematic diagram of spherical coordinate points on Earth.
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image can be transformed into identifying the transplanting trajectory in 
the segmented image of the transplanting trajectory map. In the trans
planting trajectory map, aside from the transplanting trajectory and 
navigation recording points, all other areas feature a pure white back
ground, eliminating interference from the colors of rice seedlings, paddy 
fields, water reflections, weeds, and other elements. Consequently, color 
information recognition technology will be employed to identify the rice 
seedling transplanting trajectory within the transplanting trajectory 
map.

The transplanting trajectory can be obtained by sequentially con
necting satellite navigation recording points. Since the navigation 
controller of the rice transplanter records a navigation position point 
every 6 s and the transplanter operates at a forward speed of approxi
mately 0.7 m/s, a segmented image with dimensions of 640 × 640 pixel 
corresponds to an actual area of 5.2 × 5.2 m. Consequently, the 
segmented image may not always include satellite navigation recording 
points, leading to the following two possible scenarios. 

(1) There is no satellite navigation recording point in the segmented 
image of the transplanting trajectory maps, meaning the trans
planting trajectory appears as a straight line without any 
“breakpoints” that would alter its slope, as illustrated in Fig. 8.

(2) There is a satellite navigation recording point in the segmented 
image of the transplanting trajectory maps, indicating that the 
transplanting trajectory appears as a broken line with “break
points” that alter its slope, as shown in Fig. 9.

As shown in Fig. 9, when there is a satellite navigation recording 
point in the segmented image of the transplanting trajectory maps, the 

transplanting trajectory may be divided into two sections with different 
slopes. To enhance the accuracy of identifying the transplanting tra
jectory, it is essential to first identify the navigation recording point in 
the segmented image of the transplanting trajectory map. Using the 
same method applied to identify the starting and ending points of the 
transplanting trajectory, the RGB value comparison method will be 
employed to locate the navigation recording point. Each pixel in the 
image will be traversed using a vertical traversal method, with the 
identified navigation recording points sequentially stored.

Based on the starting and ending points of the transplanting trajec
tory, as well as the satellite navigation recording points, the trans
planting trajectory of the rice transplanter can be derived. This derived 
trajectory serves as the seedling line, allowing the determination of the 
theoretical position point for each rice seedling when combined with 
information such as seedling spacing. Since the identification task of the 
navigation recording points distinguishes different transplanting tra
jectories based on the presence or absence of these points in the 
segmented images of the transplanting trajectory map, the derivation of 
the theoretical position points for rice seedlings must be divided into the 
following two situations.

(1) If the segmented image of the transplanting trajectory map does 
not contain any navigation recording points of the transplanter, there 
will be no “breakpoints” that cause changes in the slope of the trans
planting trajectory. In this case, the transplanting trajectory is a straight 
line and can be directly determined from the pixel coordinates of the 
start and end points. Once the transplanting trajectory is established, the 
theoretical seedling coordinates can be directly deduced using the 
theoretical seedling spacing information. The principle for deducing 

Fig. 7. Schematic diagram of the segmentation process for the six transplanting trajectory maps.

Fig. 8. Schematic diagram of transplanting trajectory with no “breakpoint”.

Fig. 9. Schematic diagram of transplanting trajectory with “breakpoint”.
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theoretical seedling coordinates in a segmented image of the trans
planting trajectory map without navigation recording points is illus
trated in Fig. 10. Since the seedling spacing is a fixed value of 18 cm, and 
the pixel and geographic coordinates of the starting point of the trans
planting trajectory are known, the geographic coordinates of all theo
retical seedling points in the segmented image can be successively 
derived using formulas (1) to (5) provided in section 2.2.1. The corre
sponding pixel coordinates of these points can then be obtained through 
coordinate transformation.

(2) If the segmented image of the transplanting trajectory map 
contains navigation recording points of the transplanter, there will be 
“breakpoints” that cause changes in the slope of the transplanting tra
jectory. In this case, the transplanting trajectory appears as a broken line 
and should be determined based on the pixel coordinates of the start 
point, end point, and the navigation recording points. The process for 
deriving the theoretical seedling coordinates is similar to that in situa
tion (1), with slight variations near the “breakpoints”. To simplify pro
cessing, the line segments before and after the “breakpoints” are directly 
accumulated. As shown in Fig. 11, the geographical coordinates of the 
theoretical seedling point Q can be directly calculated using formulas (1) 
to (5) based on the geographical coordinates of theoretical seedling 
point P. However, the geographical coordinates of theoretical seedling 
point S cannot be derived using the method as for point Q due to the 
“breakpoint” between points S and Q. In this case, the distance m be
tween theoretical seedling point Q and navigation recording point J 
must first be calculated using the geographical coordinates of points Q 
and J. The distance n between the navigation recording point J and the 
theoretical seedling point S can then be determined, as m + n = 18 cm. 
Finally, the geographical coordinates of theoretical seedling point S can 
be obtained using formulas (1) to (5) based on the geographical co
ordinates of navigation recording point J.

Based on the aforementioned technical principles, traversing all 
transplanting trajectories allows for the derivation of the geographical 
and pixel coordinates of all theoretical seedlings.

2.2.3. Determination of seedling detection region
The previous section established the theoretical seedling co

ordinates. However, during the actual rice transplanting process, factors 
such as uneven paddy field surfaces or side-slipping of the transplanter 
can lead to deviations between actual and theoretical seedling positions. 
To accurately detect missing seedlings and minimize false detections, it 
is essential to conduct missing seedling detection within a defined 
threshold range around each theoretical seedling position. If a real 
seedling is detected within this threshold, the area is deemed free of 
missing seedlings; otherwise, it is considered to have a missing seedling. 
The principle for detecting missing seedlings is illustrated in Fig. 12. 
Considering that the distance between two adjacent seedlings in the 

same row is 18 cm and the row spacing is 30 cm, with the rows of 
seedlings parallel to each other, a rectangular area centered on the 
theoretical seedling coordinates is selected as the detection region for 
missing seedlings. The parameters of this rectangular detection region 
are depicted in Fig. 13.

As shown in Fig. 13, the theoretical seedling point G serves as the 
center of the rectangular seedling detection region. The width of this 
region corresponds to the seedling spacing of 18 cm, while the length 
matches the row spacing of 30 cm. The transplanting trajectory, formed 

Fig. 10. Diagram of the principle for deducing theoretical seedling coordinates 
with no “breakpoint”.

Fig. 11. Diagram of the principle for deducing theoretical seedling coordinates 
with “breakpoint”.

Fig. 12. Diagram of the missing seedling detection principle.

Fig. 13. Diagram of the parameters for the rectangular detection region.
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by sequentially connecting the navigation recording points of the 
transplanter, allows for the calculation of angle e, which represents the 
angle between the transplanting trajectory and true north. With the 
known dimensions of the detection region, angles f and the length of EG 
can also be determined. By subtracting angle e from angle f, angle d can 
be obtained. Utilizing formulas (1) to (5) from Section 2.2.1, the 
geographical coordinates of point E can be derived and subsequently 
converted into pixel coordinates.

The pixel coordinates of the remaining three vertices (F, H, I) of the 
rectangular seedling detection region can be calculated using the same 
method. Therefore, based on the theoretical seedling coordinates 
established in Section 2.2.2, the positions of all rectangular seedling 
detection regions can be determined.

3. 3.Results and discussion

3.1. Sequential detection of each seedling

The images of rice seedlings were collected in Section 2.1, and a deep 
learning-based seedling detection model was established. In Section 2.2, 
the theoretical positions of the seedlings were derived from the trans
planting trajectory of the rice transplanter, leading to the creation of 
rectangular detection regions for each theoretical seedling. In this sec
tion, the established detection model will be used to detect seedlings 
within these rectangular detection regions. Since the missing seedling 
detection method proposed in this paper requires sequential detection of 
each rectangular detection region in the image, directly inputting the 
image into the YOLO object detection convolutional neural network 
would lead to the detection of all seedlings across the image, hindering 
the ability to focus on individual rectangular detection areas. Therefore, 
image processing technology is necessary to ensure that detection is 
confined to the specified regions. In this paper, mask technology will be 
employed, as illustrated in Fig. 14. Masking is a fundamental technique 
in image processing that use binary 0 s and 1 s to select, filter, or hide 
specific image areas. Masks control which regions of an image are pro
cessed by blocking out certain parts, thus allowing focus on the areas of 
interest. In practice, binary 1 represents areas to be processed, while 
binary 0 indicates areas to be ignored, enabling targeted detection of 
specific regions. Since the use of the mask technology only limits the 
area being detected at each step, without altering the image features, it 
would not affect the detection accuracy of the seedling recognition 
model. In contrast to directly detecting all areas of the entire image, the 
proposed method focuses on specific regions at a time, which reduces 
interference from environmental factors such as water reflections and 
weeds. Furthermore, by concentrating on particular parts of the image, 
this method enhances detection accuracy for weak targets like seedlings, 
thereby decreasing reliance on the algorithm. Of course, the essence of 
the proposed method is still image detection, making image quality 
crucial. Therefore, it is necessary to ensure good weather conditions and 

stable UAV flight during the image acquisition process. Under the 
hardware conditions mentioned in Section 2.1.2, the proposed method 
takes approximately 7 s to detect a single image. Of course, upgrading 
the hardware can further reduce the detection time.

To sequentially detect all rectangular detection regions in the image, 
it is essential to identify the detection region for each step. The pixel 
coordinates of all vertices of the rectangular seedling detection regions 
are established in Section 2.2.3, allowing each rectangular detection 
region to serve as the basis for each detection step. For the rectangular 
seedling detection regions discussed in this paper, it suffices to calculate 
the proportion of the coordinates of the four vertices relative to the 
horizontal and vertical axes of the image. Based on these calculations, 
the detection model algorithm can be adjusted to enable the sequential 
detection of all rectangular seedling regions. If a seedling is detected 
within a rectangular detection region, it indicates that no seedling is 
missing at that position, and the detection will proceed to the next re
gion (as illustrated in Fig. 15(a)). Conversely, if no seedling is detected, 
it confirms the presence of a missing seedling, which will be marked and 
its coordinates recorded (as shown in Fig. 15(b)).

3.2. Missing seedling detection tests and result evaluation

Since each image has been numbered, experimental plots for missing 
seedling detection can be randomly selected by randomly choosing 
image numbers. Once the detection is completed, the algorithm will 
visually mark the locations of detected missing seedling (represented by 
yellow dots in Fig. 16). Additionally, the pixel coordinates of these 
missing seedling locations will be recorded and converted into 
geographic coordinates simultaneously. Table 1 presents the pixel co
ordinates and corresponding geographic coordinates of the missing 
seedling positions numbered 1–6 detected in Fig. 16.

To verify the accuracy of the missing seedling detection method 
proposed in this paper, two metrics, “recall rate” and “precision rate” 
(Guo et al., 2024), were introduced to evaluate the detection results. The 
recall rate refers to the ability of the method to identify all actual missing 
seedling locations in the rice field, while the precision rate refers to the 
ability of the method to detect missing seedling locations and ensure 
that the detected locations are indeed genuine missing seedling spots. 
The calculation formulas for the recall rate and precision rate are pre
sented in formulas (6) and (7), respectively. 

FA =
FT

FT + NT
(6) 

FC =
FT

FT + FF
(7) 

where FA represents the recall rate, FT denotes the number of 
detected missing seedling locations that are indeed actual missing 

Fig. 14. Schematic diagram of the masking technology.

Fig. 15. Seedling detection in an actual seedling image: (a) Rectangular 
detection region with seedling; (b) Rectangular detection region 
without seedling.
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seedling spots, and NT indicates the number of actual missing seedling 
locations that were not detected. FC represents the precision, while FF is 
the number of detected missing seedling locations that are not actual 
missing seedling spots.

In this missing seedling detection experiment, there were 11 actual 
missing seedling locations (as shown in Fig. 17), indicating that the sum 
of FT and NT is 11. Using the missing seedling detection method pro
posed in this paper, 12 missing seedling locations were identified (as 
shown in Fig. 16), meaning the sum of FT and FF is 12. Among the 
detected locations, 9 were actual missing seedling spots, and thus, FT is 
9. The number of actual missing seedling locations that were not 
detected is 2, giving NT a value of 2. Additionally, 3 detected locations 
were not actual missing seedling spots, resulting in FF being 3. Based on 
formulas (6) and (7), the recall rate for the proposed missing seedling 
detection method was 81.8 %, while the precision rate was 75.0 %.

The analysis reveals that the missing seedling detection method 
proposed in this paper effectively identifies actual missing seedling lo
cations, but it also generates false detections in areas where no seedlings 
are absent. Upon examining these false detection sites, it was noted that 
while seedlings are present, they are smaller and less robust compared to 
healthy seedlings of the same age (as illustrated in Fig. 18). This 
discrepancy led to the detection algorithm’s misjudgment. In 

agricultural practice, however, seedlings that are too small are deemed 
low-quality. In contrast to high-quality seedlings, they often exhibit 
unstable metabolism, weaker morphology, and lower productivity, and 
may pose a higher disease risk, potentially impacting the final rice yield. 
Consequently, when conducting seedling replacement in the field, it is 
beneficial to selectively replace these smaller seedlings, thereby 
enhancing the overall quality of the rice seedlings and increasing the 
final yield.

To thoroughly assess the practicality of the missing seedling detec
tion method proposed in this paper, four additional rice field plots were 
randomly selected for testing. The recall and precision rates of each 
detection were calculated, with the results presented in Table 2. As 
shown in the table, the proposed method achieved a recall rate of up to 
80 % and a precision rate of up to 75 %. These results indicate that the 
method effectively meets the requirements for missing seedling detec
tion. Furthermore, it provides precise location coordinates for the 
missing seedlings, facilitating accurate replanting efforts. It is important 
to note that the test results vary across different field plots. For instance, 
the recall and precision rates for field plot 5 are both higher than those 
for field plot 1. This variation is attributed to the random selection of 
detection plots, as the growth conditions and missing seedling situations 
can differ significantly among them. Actually, many factors can influ
ence the recall and precision rates of detection results, including the 
quality of the captured images, the growth status of the seedlings, and 
the growth stage of the seedlings. Under the same conditions for the 
algorithm and other factors, higher-quality images, better-growing 
seedlings, and seedlings that have been growing longer will lead to 
better detection results. However, considering that earlier replanting is 
preferable (typically within one month after transplanting), image 
capture for this study was completed within one month after 
transplanting.

4. Conclusions

In this study, we developed a novel method for detecting missing rice 
seedlings by integrating UAV imagery with operational data from rice 
transplanters, effectively addressing the limitations of existing detection 
methods, such as photoelectric sensors and machine vision. The pro
posed method involved synthesizing a panoramic image of the rice field, 

Fig. 16. Map of missing seedling locations in the experimental plot.

Table 1 
Pixel coordinates and geographic coordinates of partial missing seedling 
positions.

Missing seedling position 
number

Pixel 
coordinates

Geographic coordinates

1 (280, 901) (23.1564558814, 
112.6581241821)

2 (405, 612) (23.1564686552, 
112.6581301571)

3 (581, 36) (23.1564941144, 
112.6581385699)

4 (481, 900) (23.1564559256, 
112.6581337899)

5 (3, 360) (23.1564797936, 
112.6581109415)

6 (604, 900) (23.1564559256, 
112.6755490029)

Fig. 17. Actual missing seedling location points.
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which is essential since UAV images alone do not provide comprehen
sive field coordinates. The panoramic image was then cropped into 640 
× 640 pixel segments to create datasets for training and detection. 
Subsequently, an accurate seedling detection model was developed 
using the YOLOv5 7.0 algorithm combined with incremental training 
techniques, achieving an accuracy of 87 %. Furthermore, we utilized 
navigation data from the rice transplanter to reconstruct its trans
planting trajectory, enabling the calculation of theoretical seedling po
sitions based on parameters such as seedling spacing. This process 
involved establishing rectangular detection regions around each theo
retical seedling position within a defined threshold range. By applying 
mask technology for sequential detection and evaluating our method 
through recall and precision metrics, we achieved a recall rate of 80 % 
and a precision rate of 75 %. These results demonstrate strong detection 
performance, and upon completion of the detection process, we can 
output the pixel and geographic coordinates of missing seedlings, 
facilitating precise unmanned replanting. This methodology not only 
enhances seedling monitoring but also significantly contributes to the 
advancement of precision agriculture.

The missing seedling detection method proposed in this paper relies 
on navigation data from the rice transplanter to reconstruct the seedling 
row lines. Therefore, in scenarios where navigation data is unavailable, 
such as with manually operated transplanters, the method is not 
applicable.
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1  Introduction

Claw pole alternators are widely used in the modern auto-
motive industry due to their simple manufacturing process, 
reliable construction, and low cost [1–3]. To fulfill the 
increasing power demands of onboard equipment, electric 
excitation claw-pole alternators are often designed with 
high electromagnetic loads, which cause annoying noise 
problems [4, 5]. The air-gap magnetic field in claw-pole 
alternators is generated by the excitation current in the rotor 
field winding. Consequently, harmonics in the excitation 
current influence the air-gap magnetic field and electromag-
netic force, which ultimately affect the vibration and noise 
of the claw-pole alternators. Therefore, it is necessary to 
investigate the influence of excitation current harmonics on 
the radial electromagnetic force of the claw-pole alternator.
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Abstract
This paper presents a novel investigation into the impact of excitation current harmonics on the radial electromagnetic 
forces in electric excitation claw-pole alternators. First, the frequency and spatial order of the radial electromagnetic 
forces, considering excitation current harmonics, are analytically derived. To accurately determine the amplitudes of these 
forces, a three-dimensional finite element model is developed and validated through an indirect comparison with back-
electromotive force (back-EMF) bench test. The study then simulates the radial electromagnetic forces, focusing particu-
larly on the zero-order spatial components, which have the greatest influence on acoustic noise. Various excitation current 
harmonics, including different phase sequences, frequencies, and amplitudes, are incorporated into these simulations. 
The results show that even-order harmonics affect only the amplitude without introducing new major vibration sources, 
whereas odd-order harmonics can generate additional significant vibration sources. For a three-phase, 12-pole/36-slot 
claw-pole alternator, the 2nd, 3rd, and 6th current harmonics were found to have a significant impact on the amplitude of 
the radial electromagnetic forces. The 2nd harmonic with a negative phase sequence and the 3rd harmonic with a positive 
phase sequence effectively reduce the radial electromagnetic force, while the 6th harmonic (in both positive and negative 
phase sequences) increases it. The simulation analysis results were validated through vibration bench test. These findings 
provide crucial insights into the effects of excitation current harmonics on claw-pole alternators, offering a foundation for 
optimizing excitation current design to minimize unwanted vibrations and enhance performance. This study introduces 
a novel analytical framework and simulation methodology that could be applied to future advancements in motor and 
alternator design.

Keywords  Claw-pole alternator · Excitation current · Current harmonic · Radial electromagnetic force
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Until now, there is relatively little literature on the gen-
eration mechanisms of radial electromagnetic force in the 
claw-pole alternator. In [6], the characteristics of radial 
electromagnetic force generated by claw-pole alternators 
with different pole-slot combinations and phase numbers 
were analytically derived. In [7], a three-dimensional multi-
physics finite element model incorporating electromagnetic, 
mechanical, and acoustic fields has been established and 
experimentally validated to predict the spatial order of the 
major radial force of a claw-pole alternator. In addition, 
factors such as temperature, assembly method, and stator 
winding faults can also affect the electromagnetic force and 
vibration of the claw-pole alternator [8–11]. The most nota-
ble of these papers is [11], which states that a short-circuit 
fault between turns in the stator winding changes the ampli-
tude and phase of the stator current. As a result, the spatial 
order of the primary radial force of the claw-pole alternator 
is altered. Since the stator current is ultimately induced by 
the excitation current, it can be deduced that the amplitude 
and phase of the excitation current harmonics will have a 
corresponding influence on the radial electromagnetic force. 
However, all of the literature mentioned above assumed that 
the excitation current is the ideal direct current (DC), which 
ignored the potential influence of excitation current har-
monics. This leads to a lack of robust theoretical support for 
methods of vibration damping by injecting current harmon-
ics into the claw-pole alternators.

Meanwhile, extensive research has been carried out on 
the influence of different current harmonics on the radial 
electromagnetic force of motors. Liang et al. [12] pointed 
out that the air-gap magnetic field caused by the rotor cur-
rent harmonics would excite additional radial force on the 
inner surface of the induction motor stator. Zhu et al. [13] 
investigated the distribution of electromagnetic force in 
switched reluctance motors (SRM) when excited by several 
current waveforms, pointing out that the electromagnetic 
vibrations are strongly related to stator current harmonics. 
Current harmonics have also been well-studied in perma-
nent magnet synchronous motors (PMSM). By a combina-
tion of analytical and finite element methods, the influences 
of phase sequence, frequency, and stator winding arrange-
ment on radial forces and vibrations are discussed in the 
paper [14–16]. In addition, the enhancement of the radial 
electromagnetic force by the combined effect of the current 
harmonics from the stator winding, the permanent magnets, 
and the slotting effect should also be carefully considered 
during the design of a permanent magnet synchronous aux-
iliary motor [17]. Once the mechanism of the influence of 
current harmonics on the radial electromagnetic force has 
been fully investigated, it is possible to suppress the tar-
get radial electromagnetic force by injecting harmonic 
currents of a specific phase and frequency. The method is 

widely used in the noise reduction of PMSM [18–21] and 
SRM [22–24]. Apparently, the topology of the motor has an 
impact on the category of current harmonics. The PMSM 
structure is isotropically symmetric, generating radial elec-
tromagnetic forces of even order, and only odd harmon-
ics can be injected to reduce vibration. For example, the 
injection of the 7th current harmonic effectively reduced 
the amplitude of the 6th major radial force harmonic for an 
IPMSM under FOC control [18]. By contrast, the SRM has 
a relatively complex cogging structure, which generates a 
more varied distribution of radial electromagnetic forces on 
the frequency spectrum. To improve its noise performance, 
injection of integer-order current harmonics is then required. 
As in [23] and [24], different optimized current waveforms 
are proposed by injecting 1st-4th order current harmonics 
into the excitation DC, effectively weakening or even elimi-
nating some of the lowest-order radial forces. Similarly, the 
claw-pole structure is asymmetrical in the axial direction, 
which induces complex radial electromagnetic force har-
monics. Therefore, a detailed investigation of the harmonic 
order of the injected current is required. From the literature 
above, it can be noted that research on the influence of cur-
rent harmonics on the radial electromagnetic force in motors 
is focused on: (a) investigating the influences of different 
current harmonics on radial forces by analytical or finite 
element methods, (b) reduction of radial electromagnetic 
force by injecting current harmonics of specific order and 
frequency. However, there is little literature available in the 
present study of radial electromagnetic forces in claw-pole 
alternators regarding the research points mentioned above. 
Therefore, the influence of the excitation current harmonics 
on the radial electromagnetic force of the electric excitation 
claw-pole alternator will be investigated. Compared to prior 
work that assumed ideal DC excitation, modeling radial 
forces in claw pole alternators considering non-ideal excita-
tion with harmonics is novel and meaningful.

The content of this article is arranged as follows: in Sect. 
2, the sources of excitation current harmonics are analyzed 
from the perspective of the claw-pole alternator operation 
process. In Sect. 3, an analytical derivation of the no-load 
radial electromagnetic force of the claw-pole alternator 
considering the excitation current harmonics is presented. 
For precisely calculating the radial electromagnetic force, 
a finite element model of the test prototype is developed 
in Sect. 4, the accuracy of which is verified by back-EMF 
bench test. In Sect. 5, the influence of the excitation cur-
rent harmonics with different phase sequences, frequency, 
and amplitude on the radial electromagnetic force is inves-
tigated. Section 6 summarizes the conclusions of this paper.
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2  Sources of Excitation Current Harmonics

The three-phase 12-pole 36-slot electric excitation claw-
pole alternator is a type of synchronous generator com-
monly used in vehicles, and its operating circuit is shown 
in Fig. 1. When the excitation current flows through the 
rotor field winding, a three-phase alternating current Is (AC) 
is induced in the stator winding. The AC is rectified into 
DC. Then it supplies power to the onboard equipment and 
charges the battery.

The claw-pole alternator is separately excited (i.e., the 
excitation current If is mainly supplied by the battery) at the 
beginning of the vehicle start. As the motor speed increases, 
the output current Iout increases as well. When the voltage 
of point A exceeds the voltage of the battery, the battery 
stops supplying power and the claw-pole alternator enters 
a self-excited state. In such situations, the output current of 
the alternator is then controlled by the voltage regulator and 
becomes the sole source of excitation current.

The main component of the excitation current If is DC, 
but fluctuations and harmonics are inevitable. The primary 
reason for this phenomenon is the presence of non-ideal 
rectifier harmonics. Firstly, the excitation current directly 
derives from Iout. The rectifier utilizes the unidirectional 
conductivity of the switching device to achieve AC-DC 
conversion, which is essentially an approximate synthesis 
of DC waveforms with multiple sine wave harmonics. Sec-
ondly, the actual generator output current is not the ideal 
three-phase sinusoidal AC. This introduces an additional 
non-0sinusoidal component to the input of the rectifier, 
which ultimately acts on Iout. Figure 2 shows the output total 
current and phase current of a claw-pole alternator in the 
self-excitation state at a rotational speed of 2000 r/min. It 
can be seen that the output current fluctuates slightly around 
110 A.

On the other hand, the voltage regulator also causes fluc-
tuations in the claw-pole alternator output current. Since the 
onboard battery voltage is about 14 V, the relative stability of 
the generator output voltage at different rotor speeds needs 
to be guaranteed. The output voltage amplitude is propor-
tional to the product of rotor speed and excitation current so 
the voltage regulators are installed to change the excitation 
current in real-time according to the rotational speed. The 
effect of speed variation is offset by changing the magni-
tude of the excitation flux. Figure 3 illustrates the dynamic 
regulation of the excitation current by the voltage regula-
tors. When the rotational speed increases, the regulator will 
reduce its excitation. This in turn reduces the air-gap flux of 
the generator and vice versa.

Fig. 2  Phase current and output current in self-excitation state

 

Fig. 1  Operating circuit of the 
electric excitation claw-pole 
alternators
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Meanwhile, Ff is a function of the axial position z, as shown 
in Eq. (4): 

Ff (θ, z, t) = F0 +
∑
µ=1

cµ cos (µpθ − µωet)� (4)

Where ωe = pωr is the angular frequency of the fundamental 
current. The mean value of the MMF F0 and the μth har-
monic scale factor of the MMF when the excitation current 
is DC can be expressed as Eqs. (5)-(6) [6]: 

F0 = Nf If

4τp
(bN − bS)� (5)

cµ = Nf If

µπ
[sin(µβN π)+εsin(µβSπ)]� (6)

In the equations, Nf is the number of turns of the rotor field 
winding, If represents the amplitude of the excitation current 
and τp is the pole pitch of the claw-pole alternator. bN and 
bS are equivalent pole-arc widths, βN, and βS are equivalent 
pole-arc coefficients, all four related to the axial position z. 
The constant factor ε is taken as 1 when μ is odd, otherwise, 
ε is taken as −1. Unlike the PMSM, the claw-pole alternator 
is axially asymmetric, so the F0 is not zero; meanwhile, μ 
is an integer (the MMF of PMSM contains only odd har-
monics), so the characteristics of air-gap magnetic field and 
radial electromagnetic force in the claw-pole alternator are 
more complex.

Substituting Eqs. (3)-(6) into Eq. (2), the no-load air-
gap magnetic densityBIf,0 at DC excitation is obtained, as 
shown in Eq. (7): 

BIf,0 =B0+
∑

µ

Bµ cos(µpθ − µωet)+

∑
µ

∑
k

Bµ,k cos[(µp ± kQs)θ − µωet]
� (7)

Where B0 is the amplitude of the time-invariant magnetic 
field calculated by multiplying the mean value of the MMF 
with the Λ0. For convenience, this magnetic field is des-
ignated as the fundamental magnetic field. Bμ denotes the 
amplitude of the magnetic field caused by the MMF har-
monics, while Bμ,k represents the amplitude of the magnetic 
field due to the slotting effect. 

3  Characteristics Analysis of Radial 
Electromagnetic Force Considering 
Excitation Current Harmonics

As it is mentioned earlier, the non-ideal characteristics of 
the rectifier circuit and the regulation of the excitation cur-
rent by the voltage regulator will generate abundant current 
harmonics. The current harmonics distort the air-gap mag-
netic field, which consequently affects the radial electro-
magnetic force.

According to Maxwell’s tensor method, the radial elec-
tromagnetic force (Maxwell tensor, not lumped forces) 
causing motor vibration can be expressed as Eq. (1) while 
ignoring tangential field, where μ0 is the vacuum permeabil-
ity and Br is the radial air-gap flux density [25]. 

Pr ≈ Br
2

2µ0
� (1)

Assuming that the influence of magnetic saturation and flux 
leakage on the amplitude of the air-gap magnetic field can 
be neglected. The Br at no-load is obtained by multiplying 
the rotor magnet-motive force (MMF) by the air-gap perme-
ability Λ [25], as shown in Eq. (2). 

Br = Ff × Λ� (2)

Λ was introduced to indicate the influence of slotting on the 
air-gap magnetic field, which can be expressed by the Fou-
rier series as Eq. (3) [25]. Qs is the number of stator slots. 
Λ0 represents the average value of air-gap permeability and 
Λk is the kth (k = 1,2,3, …) air-gap permeability harmonic. 

Λ = Λ0 +
∑

k

Λk cos(kQsθ)� (3)

Fig. 3  Dynamic regulation of excitation current by the voltage regulator
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For a three-phase 12-pole/36-slot claw-pole alternator, 
since K≠0, only (Mp, Mp±NQs) maybe a radial force with 
the spatial order of zero, which has a frequency of ± 36N.

On the other hand, the lowest non-zero spatial order is 
noted as T. For (Kp, Kp), T = 6, the frequency is six times the 
rotational frequency. However, this frequency is much lower 
than the stator mode frequency under the low and middle 
rotation speeds. Let Mp ± NQs =T, then M = (T/6)± 6N. As 
M, N, and T are all non-zero integers, |T| has a minimum 
of six, corresponding to a radial electromagnetic force fre-
quency of 36N ± 6. Therefore, the major radial forces under 
DC excitation of the three-phase 12-pole/36-slot claw-pole 
alternator are (±36N, 0) as well as (36N ±6, 6). (6, 6) is less 
likely to cause resonance, although the amplitude is large.

When the excitation current harmonics are considered, 
the amplitude of the excitation current If in Eq. (5) and 
Eq. (6) will vary with time. Supposing that If consists of 
DC and the νth current harmonic (a similar approach can 
be extended to any number of current harmonics), then the 
excitation current becomes Eq. (9): 

If (t) = If,0 + If,ν cos (νωet)� (9)

Where If,0 is the DC amplitude and If,ν indicates the νth cur-
rent harmonic amplitude.

By substituting Eq. (9) into Eqs. (7)-(6), the rotor MMF 
under the influence of current harmonics is calculated, which 
is noted as Ff(θ,z,t). The air-gap magnetic density caused by 
the νth current harmonic (BIf,ν ) is calculated by multiply-
ing Ff(θ,z,t) with Eq. (3), as shown in Eq. (10). B1-B4 are 
the amplitudes of the different magnetic harmonics caused 
by the νth current harmonics. The source, frequency, and 
spatial order statistics of the radial electromagnetic force are 
shown in Table 2. 

BIf,ν
= B1 cos (νωet) +

∑
k

B2 cos(kQsθ ± νωet) +

∑
µ

B3 cos[µpθ − (µ ± ν)ωet]+

∑
µ

∑
k

B4 cos[(kQs ± µp)θ − (µ ± ν)ωet]

� (10)

The total radial magnetic density is the sum of BIf,0  and 
BIf,ν , as in Eq. (11). 

Pr ≈ 1
2µ0

(BIf,0)2

= 1
2µ0





B0 +
∑

µ

Bµ

cos(µpθ − µωet)

+
∑

µ

∑
k

Bµ,k

cos[(µp ± kQs)θ − µωet]





2

= 1
2µ0





B0
2 + 2B0

∑
µ

Bµ cos(µpθ − µωet)

+
∑

µ

Bµ1Bµ2

cos[(µ1 ± µ2)pθ − (µ1 ± µ2)ωet]

+ 2B0
∑

µ

∑
k

Bµ,k

cos[(µp ± kQs)θ − µωet]

+ 2
∑

µ

∑
k

Bµ1,kBµ2

cos
{[(µ1 ± µ2)p±

kQs]θ − (µ1 ± µ2)ωet

}

+
∑

µ

∑
k

Bµ1,k1Bµ2,k2

cos
{[(µ1 ± µ2)p ± (k1 ± k2)Qs]θ

−(µ1 ± µ2)ωet]

}





� (8)

As a control, in the next step, substitute Eq. (7) into Eq. 
(1) to calculate the radial electromagnetic force caused by 
the DC excitation, as shown in Eq. (8). To indicate the fre-
quency and spatial order of the radial force, define the array 
as (f, m), where f is the frequency order of the radial force 
and m is the spatial order. The magnitude of the radial forces 
at higher orders can be ignored. Therefore, the main focus 
is on the radial electromagnetic forces with the spatial order 
of zero and the smallest non-zero order. The source, fre-
quency, and spatial order statistics of the forces are shown 
in Table 1, whereµ1, µ2, k1, k2 ∈ N . Each electromagnetic 
force source (each row) in Table 1 corresponds to one term 
in Eq. (8).

As shown in Table 1, there are two types of radial elec-

tromagnetic forces:
{

(Kp, Kp)
(Mp, Mp ± NQs)  at DC excitation, 

where K, M, and N are non-zero integers.

Table 1  Radial electromagnetic force with DC excitation
Sources of force Frequency Spatial order
Fundamental magnetic field + MMF harmonic µp µp

Fundamental magnetic field + MMF harmonic + Slotting effect µp µp ± kQs

MMF harmonic (µ1 ± µ2)p (µ1 ± µ2)p
MMF harmonic + Slotting effect (µ1 ± µ2)p (µ1 ± µ2)p ± (k1 ± k2)Qs
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difficult to model mathematically. Hence, the magnitude 
of the electromagnetic force at load can hardly be calcu-
lated precisely using the analytical method described above. 
Therefore, a 3-D finite element model is established in this 
paper. The current harmonics of specific order are injected 
by defining the excitation current for the rotor in the simula-
tion software. Then the radial electromagnetic force ampli-
tude changes caused by the current harmonics are calculated 
and analyzed. To simplify the modeling process, the 3-D 
finite element simulation is performed in current driven 
mode rather than in circuit coupling mode. In current driven 
mode, the excitation current is completely equal to the given 
current, without considering the influence of the physical 
characteristics of the voltage regulator itself and the influ-
ence of different battery voltages, nor the influence of cur-
rent harmonics on itself through circuit coupling.

Figure 4 shows the stator and rotor structure of the elec-
tromagnetic simulation model of a three-phase 12-pole/36-
slot electric excitation claw-pole alternator. The relevant 
parameters are shown in Table 3. During the operation of 
the claw-pole alternator, the voltage regulator applies a DC 
field current (containing current harmonics) to the field 
winding through carbon brushes and slip rings. When the 
field current flows through the ring-shaped field winding, 
the magnetic flux in the air gap is produced. As the rotor is 
turned by the belt, the rotor magnetic field cuts the stator 
winding, and a three-phase alternating current is generated 
in the stator windings. Considering the circumferential sym-
metry of the claw-pole alternator, a 1/6 3-D finite element 
model is employed as an example of the calculation [26], 
as shown in Fig. 5. In the finite element model, only four 
components need to be defined their materials, in which the 
stator winding and the rotor field winding are copper, the 
stator core and rotor claw-poles are silicon steel. 

It is difficult to measure tmodel unchanged, the excitation 
current distribution on the inner surface of the claw-pole alter-
nator stator. Therefore, the accuracy of the current and elec-
tromagnetic force simulations is verified by measuring the 
back-EMF. The reverse driving method was used to measure 
the back-EMF of the test prototype at an excitation current of 
3 A and a rotation speed of 1500 r/min. The layout of the test 
system is illustrated in Fig. 6. In the experiment, the claw-pole 

Br(θ, z, t) = BIf,0 + BIf,ν � (11)

Finally, Eq. (7), Eq. (10), and Eq. (11) are substituted into 
Eq. (1) to calculate the radial electromagnetic force consid-
ering the excitation current harmonics. In the no-load case, 
BIf,0  is the dominant component of air-gap magnetic den-
sity for an electro-excited claw-pole alternator. Hence, the 
radial electromagnetic force generated by the νth current 
harmonic is derived mainly from the interaction between 
BIf,ν  and BIf,0  (i.e. BIf,0 × BIf,ν ). The source, frequency, 
and spatial order of the newly generated electromagnetic 
force are summarized in Table 2.

Table 2 illustrates the influence of the νth current har-
monic on the radial electromagnetic force harmonics. 
Firstly, an additional radial force harmonic with the spa-
tial order of zero is generated. Secondly, the original radial 

electromagnetic force 
{

(Kp, Kp)
(Mp, Mp ± NQs) is shifted ±νp 

in the frequency spectrum, which can be described as {
(Kp ± νp, Kp)

(Mp ± νp, Mp ± NQs) . For the three-phase, 12-pole/36-

slot claw-pole alternator, new radial forces (36N, 6) and 
(36N ±6, 0) will appear while ν = 6N ±1, and the original 
radial force (36N, 0) is enhanced while ν = 6N. When ν = 1, 
(36N ±6, 6) is enhanced. These new radial electromagnetic 
force harmonics with low spatial order will have a signifi-
cant effect on vibration.

4  Computation Model of Radial 
Electromagnetic Force Considering 
Excitation Current Harmonics

The spatial order and frequency of the radial electromag-
netic force generated by the current harmonics at no-load 
have been analyzed in Sect. 3. However, the amplitude of 
the radial electromagnetic force cannot be accurately calcu-
lated by the analytical method due to the flux leakage and 
magnetic saturation effects. Meanwhile, additional stator 
currents are induced by the excitation current harmonics 
under load conditions. These stator current harmonics are 

Table 2  Main radial electromagnetic forces caused by the νth current harmonic
Source Frequency Spatial order
Fundamental magnetic field + Current harmonic νp 0
Fundamental magnetic field + Current harmonic + MMF harmonic (µ ± ν)p µp

Current harmonic + MMF harmonic (µ1 ± µ2 ± ν)p (µ1 ± µ2)p
Fundamental magnetic field + current harmonic +MMF harmonic+ Slotting effect (µ ± ν)p µp ± kQs

Current harmonic+ MMF harmonic +Slotting effect (µ1 ± µ2 ± ν)p (µ1 ± µ2)p ± (k1 ± k2)Qs

1 3

5204

193



Journal of Electrical Engineering & Technology (2025) 20:5199–5214

Table 3  Main parameters of the claw-pole alternator
Parameter Value
Number of rotor pole pairs p 6
Number of stator slots Qs 36
Stator inner diameter R (mm) 49.5
Rotor outer diameter r (mm) 49.175
Slot width b0 (mm) 3.07
Air-gap length g (mm) 0.325
Air-gap at chamfer g’ (mm) 0.929
Circumferential angle corresponding to the chamfer δ (rad) 0.0313
Rotor pole jaw length L (mm) 23.65
Rotor pole jaw tip width b1 (mm) 6
Rotor pole jaw root width b2 (mm) 26.1
Number of turns of rotor excitation windings Nr 355
Number of turns per slot of stator winding Ns 9
DC component of the excitation current If,0 (A) 4
Rated rotor speed (r/min) 6000
Rated power (kw) 1.54
Rated output current (A) 110

Fig. 6  Experimental system to 
measure the back-EMF
 

Fig. 5  1/6 3-D finite element model of claw-pole alternator

 

Fig. 4  Claw-pole alternator struc-
tural model
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and (f = 36N ± 6, m = 6) at no-load. Meanwhile, the current 
harmonics induced (f = 36N, m = 6) and (f = 36N ± 6, m = 0) 
additionally. Considering that only radial forces with low 
axial spatial order cause significant vibration, the effect 
of current harmonics on the electromagnetic force of 
(f = 30,36,42, m = 0,6, n = 0,1) is investigated.

When the excitation current is DC, the Fourier transform 
is done in circumferential and axial directions for the radial 
electromagnetic force of f = 30,36,42. As is shown in Fig. 8, 
the f = 36 radial force at DC excitation is dominated by the 
electromagnetic force with the circumferential spatial order 
of zero (m = 0); Meanwhile, the electromagnetic force of 
m = 6 dominates the f = 36N ±6 radial electromagnetic force. 
This phenomenon coincides with the analysis in Sect. 3: at 
no load, there is theoretically no radial force of (f = 36N, 
m = 6) and (f = 36N ±6, m = 0).

The influence of excitation current harmonics with differ-
ent phase sequences, frequencies, and amplitudes on the low 
spatial order radial electromagnetic force is studied below.

Keep the excitation DC at 4 A and inject an even-order 
current harmonic with an amplitude of 1 A. The effect of 
even-order harmonic injection on the harmonic amplitude 
of the low-order radial electromagnetic force is shown in 
Table 4. The array (f, m, n) is redefined to describe the char-
acteristics of the radial force. Where f is the radial force fre-
quency order, m is the circumferential spatial order, and n 
is the axial spatial order. For instance, (36,6,1) represents 
the radial electromagnetic force harmonics with a frequency 
of 36 times the fundamental frequency, the circumferen-
tial spatial order of 6, and the axial spatial order of 1. The 
first 1–6 rows of Table 4 show the six major radial elec-
tromagnetic forces that contribute most to the electromag-
netic vibration of the three-phase 12-pole/36-slot claw-pole 
alternator under DC excitation. ↑↓ represent their amplitude 
fluctuations of more than 15%. The remaining forces (rows 
7–12) have an amplitude of no more than 30% of the main 
radial electromagnetic force under DC excitation. Hence 
only in the case of amplitude fluctuations exceeding 50% is 
it considered that it starts to have a significant impact on the 
total radial electromagnetic force amplitude. 

The most striking aspect of Table 4 is the effect of the 
6th (ν = 6) current harmonic on the amplitude of the electro-
magnetic force in rows 1–6. These radial forces originally 
act as the primary source of vibration, so changes in their 
amplitude can greatly affect the total radial electromagnetic 
force in the claw-pole alternator. The rate of change of the 
main radial force amplitude under the influence of the 6th 
current harmonic is calculated and collated to obtain Fig. 9.

As Fig. 9 illustrates, except for a relatively obvious 
weakening effect on (42,6,1), the 6th current harmonic with 
positive phase sequence dramatically strengthens the elec-
tromagnetic force of both (f = 36, m = 0, n = 0,1) and (f = 30, 

alternator is fixed on a bench. After disconnecting its recti-
fier circuit, an external power supply is employed to provide 
3 A DC power to the rotor field winding. An induction motor 
drags the rotor of the alternator to provide a fixed speed of 
1500 r/min. The speed of the claw-pole alternator is measured 
by a photoelectric speed sensor, and the induced EMF at the 
ends of the phase windings is measured by an oscilloscope. 
The test results obtained and the calculations of the finite ele-
ment model, as shown in Fig. 7, generally coincide, which 
indirectly indicates that the model can precisely calculate the 
current amplitude and radial electromagnetic forces. 

Keeping the structural parameters of the finite element 
model unchanged, the excitation current with the νth current 
harmonic is artificially defined as in Eq. (12): 

If(t) = If, 0 + δIf, ν cos(νpωrt) (δ = ±1)� (12)

The coefficient δ reflects the phase sequence of the harmon-
ics: when δ=1, it means the harmonics are in a positive phase 
sequence, otherwise they are in a negative phase sequence. 
Current harmonics with a frequency of 1p to 6p times the 
rotational speed are injected into the excitation DC. This is 
because the amplitude of the current harmonics at higher 
frequencies is so small that the influence on the electromag-
netic force is almost negligible.

Since the air-gap magnetic density and radial force of the 
claw-pole alternator are related to the axial offset z. Therefore, 
the axial order is introduced when the Fourier decomposition 
of the results obtained from the simulation is performed. 

5  Influence of Excitation Current Harmonics 
on Radial Electromagnetic Force of Claw-
Pole Alternator

From the analysis in Sect. 3, it is known that the main radial 
electromagnetic forces of the three-phase 12-pole/36-slot 
claw-pole alternator under DC excitation are (f = 36N, m = 0) 

Fig. 7  Back-EMF at no-load
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harmonics (Table 2, row 4, eg. ν = 6 μ = 11 k = 2). Simulta-
neously, the changes at (f = 42, m = 6, n = 0,1) are explained 
by the interaction of the 6th current harmonic with the fun-
damental wave of the MMF shifting the radial force (f = 6, 
m = 6) towards the higher frequency region (Table 2, row 3, 
ν = 6 μ = 1). Therefore, the 6th current harmonic, regardless 
of positive or negative phase sequence, trigger a significant 
increase in the original major radial electromagnetic forces 
and is a hazardous harmonic.

Notice that, in Fig. 9, the radial electromagnetic force 
amplitude changes in the opposite direction for all five 

m = 6, n = 0,1). Among them, the radial force (36,0,1) is 
enhanced by up to 245%. The 6th current harmonic with 
a negative phase sequence also causes a sharp increase 
in (36,0,1) and (42,6,1), although it can weaken some of 
the harmonics. Combined with the analysis in Sect. 3: the 
increase in (f = 36, m = 0, n = 0,1) is due to the 6th harmonic 
interacting with the fundamental magnetic field to produce 
a new radial force with the spatial order of zero (Table 2, 
row 1, ν = 6). The rise in (f = 30, m = 6, n = 0,1) is then caused 
by the 6th current harmonic in combination with the funda-
mental magnetic field, MMF harmonics, and permeability 

Table 4  Influence of even-order current harmonics on the amplitude of low-order radial electromagnetic force
Force harmonics Amplitude (N.m−2)

Initial 2nd -2nd 4th -4th 6th -6th
(30,6,0) 4840 - - - - 5738↑ 3599↓
(30,6,1) 2477 2615 2087↓ 3030↑ 1958↓ 2913↑ 2184
(36,0,0) 2320 - - - - 3321↑ 1733↓
(36,0,1) 857.6 - - - - 2962↑ 1519↑
(42,6,0) 2524 - - - - - -
(42,6,1) 1508 1896↑ 1002↓ - - 804.2↓ 2321↑
(30,0,0) 204.5 - - - - 332.1↑ 149.3
(30,0,1) 67.41 - - - - 39.26↓ 68.93
(36,6,0) 264.8 - - - - - -
(36,6,1) 236.8 - - 57.71↓ 92.83↓ 124.8↓ 117.2↓
(42,0,0) 277.1 - - - - - -
(42,0,1) 233.2 - - 272.3 80.28↓ 226.3 108.5↓
Note: “-” represents the insignificant change in amplitude

Fig. 8  Radial electromagnetic force under DC excitation
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to (30,0,0). (36,6,1) is extensively suppressed by the even-
order current harmonics (Table 4, row 10), where the 
positive-phase 4th current harmonic weakens this electro-
magnetic force by up to 310%. This indicates that the even-
order current harmonics do not generate the new major 
source of vibration.

Similarly, the effect of odd-order current harmonics on 
the lower spatial order radial electromagnetic force ampli-
tudes is shown in Table 5, which shares the format of Table 
4.

From Table 5, the influence of the odd-order current har-
monics on the radial electromagnetic force is concentrated 
in rows 7–12. The contribution of these forces to the vibra-
tion is relatively small when the DC excitation is applied. 
The 5th and 1st current harmonics have the most noticeable 
effect on the enhancement of radial forces.

Figure 10 illustrates the effect of the 5th current harmonic 
on the radial electromagnetic force of f = 30. It is clear that 

groups except for (36,0,1), after the 6th harmonic of the 
injected current is inverted. Recalling Table 4, the 4th 
current harmonic with positive phase sequence enhances 
(30,6,1) by 18.3%, and the 4th current harmonic with nega-
tive phase sequence will weaken the (30,6,1) amplitude by 
30.0%; a similar effect is observed for the 2nd current har-
monic on (30,6,1) and (42,6,1). Hence, it can be deduced 
that the influence of the even-order current harmonics on 
the main radial electromagnetic force (Table 4, rows 1–6) 
is phase sequence-related. In particular, if an even-order 
current harmonic with a positive phase sequence boosts 
a radial electromagnetic force, injecting it in reverse will 
significantly reduce its enhancement of that force, or even 
weaken it, and vice versa.

Finally, rows 7–12 in Table 4 illustrate that the radial 
electromagnetic force does not change significantly after the 
injection of even-order harmonics (In addition to the slight 
enhancement of the positive-phase 6th current harmonic 

Table 5  Influence of even-order current harmonics on the amplitude of low-order radial electromagnetic force
Force harmonics Amplitude (N.m-2)

Initial 1st -1st 3rd -3rd 5th -5th
(30,6,0) 4840 - - - - - -
(30,6,1) 2477 - - - - - -
(36,0,0) 2320 - - - - - -
(36,0,1) 857.6 613.4↓ 598.9↓ 718.5↓ 926.9
(42,6,0) 2524 - - - - - -
(42,6,1) 1508 - - - - - -
(30,0,0) 204.5 293.4↑ 187 - - 2708↑ 2514↑
(30,0,1) 67.41 12.19↓ 72.64 - - 1063↑ 1132↑
(36,6,0) 264.8 703.1↑ 568.9↑ - - 1142↑ 1213↑
(36,6,1) 236.8 425.7↑ 465.8↑ 132.4↓ 136.5↓ 344.8↑ 1058↑
(42,0,0) 277.1 83.3↓ 377.9
(42,0,1) 233.2 71.56↓ 207.1 51.47↓ 149.2 153.9 135.9↓

Fig. 9  Influence of the 6th har-
monic on the main radial electro-
magnetic force of the prototype
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forces by 30.2% and 42.4% individually, with no significant 
change in trend or magnitude. Hence, it can be deduced that 
the influence of the odd-order current harmonics on elec-
tromagnetic force is phase sequence-free. Specifically, if an 
odd-order excitation current harmonic diminishes a radial 
electromagnetic force, then its inversion will still have a 
weakening effect on that force, and vice versa.

From Tables 4 and 5, it can be observed that: the 3rd cur-
rent harmonic with positive phase sequence and the 2nd cur-
rent harmonics with negative phase sequence reduce one of 
the main low spatial order electromagnetic forces (Table 4, 
Table 5, rows 1–6) by more than 25% and suppress other 
electromagnetic forces, which are beneficial harmonics. The 
6th harmonic will, on the other hand, increase the amplitude 
of at least two of the main radial electromagnetic force and 
is therefore a hazardous harmonic. Hence, the three current 
harmonics mentioned above are used as examples to inves-
tigate the influence of the harmonic amplitude on the radial 
electromagnetic force.

Set the DC component of the excitation current to 4 A. 
For the 2nd current harmonic with negative phase sequence 
and the 3rd current harmonic with positive phase sequence, 
their amplitudes range are set to 0–4 A. Considering that the 
6th current harmonic with an amplitude of 1 A would then 
drastically increase the amplitude of the main electromag-
netic force, such as (36,0,1), the amplitude of such harmon-
ics is limited to 0–1 A.

Figure 11 illustrates that, as the amplitude of the 2nd 
current harmonic with negative phase sequence increases, 
the electromagnetic force harmonics (30,6,0), (30,6,1), and 
(42,6,1) are approximately linearly decreased. For each 1A 
increase in harmonic amplitude, the corresponding electro-
magnetic force is diminished by 20% to 33%. Meanwhile, 
the electromagnetic force harmonics (36,0,0) and (36,6,0) 
are also weakened as the amplitude of the 2nd harmonic 
increases, with no appreciable change in the remaining elec-
tromagnetic force. Consequently, the ability of the inverse 
2nd harmonic to weaken the radial electromagnetic force is 
positively related to its amplitude.

From Fig. 12, it can be seen that the sum of f = 36 elec-
tromagnetic force is lowest when the amplitude of the 3rd 
current harmonic is injected up to half of the DC ampli-
tude, which is only 58% of that before injection. However, 
when the current harmonic amplitude reaches 75% of the 
DC (3A), the total electromagnetic force for f = 36 increases 
instead. The f = 36 ± 6 electromagnetic force is affected simi-
larly, only if the harmonic amplitude is less than 25% of the 
DC will it ensure that the total radial forces do not rise after 
injection. Therefore, there exists an optimum amplitude 
of the 3rd current harmonics to weaken the radial electro-
magnetic force. In actual excitation currents, the harmonic 
amplitude generally does not exceed 15% of the DC. Within 

the radial forces (30,0,0) and (30,0,1), respectively, are only 
8.2% and 2.72% of the magnitude of the main radial force 
(30,6,1) with DC excitation. However, after the 5th current 
harmonic with positive phase sequence was injected, the 
amplitudes of (30,0,0) and (30,0,1) increased by 1224 and 
1477%, respectively. At this point, the amplitude of (30,0,0) 
exceeds that of (30,6,1) and the amplitude of (30,0,1) 
reaches 50% of that of (30,6,1), which means that their 
effect on vibration is no longer negligible. This suggests that 
certain odd-order current harmonics will cause a new major 
source of vibration.

The phenomena identified above can also be explained 
by the analysis in Sect. 3. The increase in (f = 30, m = 0, 
n = 0,1) is a result of the newly induced radial force whose 
spatial order is zero, which is generated by the interac-
tion of the injected 5th current harmonic with the funda-
mental magnetic field (Table 2, row 1, ν = 5). Similarly, 
the enhancement of the amplitude of (f = 36, m = 6, n = 0,1) 
(Table 5, rows 9–10) by the 5th and 1st current harmonics 
is attributed, respectively, to (a) The 5th current harmonic 
reacts with two MMF harmonics of (μ1-μ2 = 1), causing a 
frequency shift in the radial force (f = 6, m = 6) (Table 2, row 
3, ν = 5 μ1 = 2 μ2 = 1); (b) The combined interaction of the 1st 
current harmonic with the fundamental magnetic field, the 
MMF harmonic and the slotting effect cause a frequency 
shift in the radial force (f = 30, m = 6) (Table 2, row4, ν = 1 
μ = 5 k = 1).

In addition, as shown in Fig. 10, the 5th harmonics with 
both the positive and negative phase sequence induce an 
increase in (f = 36, m = 6, n = 0,1). Many more similar cases 
can be observed in Table 4. For example, the 3rd current 
harmonics with positive phase sequence weaken (36,0,1) 
and (36,6,1) (Table 5, rows 4,10) by 28.5% and 44.1% 
respectively, while the 3rd order harmonic with negative 
phase sequence also reduces both radial electromagnetic 

Fig. 10  Variation of radial electromagnetic force (f = 30) amplitude 
before and after 5th harmonic injection
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was then attached to the surface of the claw-pole alternator 
housing, as shown in Fig. 14(a). Figure 14(b) presents the 
vibration acceleration spectrum at a rotor speed of 6000 r/
min under different excitation currents. As illustrated, the 
introduction of the 2nd harmonic current with a negative 
phase sequence significantly reduces the vibration ampli-
tude at 3000 Hz, 4200 Hz, 6600 Hz, and 7800 Hz, while 
also attenuating vibrations at 3600 Hz and 7200 Hz to some 
extent. Conversely, the introduction of the 6th harmonic cur-
rent with a positive phase sequence increases the vibration 
amplitude at these frequencies, particularly at 3600 Hz and 
7200 Hz, which aligns with the simulation analysis results.

From the analysis above, it is clear that specific current 
injection can suppress radial electromagnetic force. The 
influence of the current harmonics on the output current of 
the claw-pole alternator is then studied below. To prevent 
overloading of the circuit, the amplitudes of the injected 
harmonics are generally low. Hence, the DC component of 
the excitation current is set to 4 A and the current harmonic 
amplitude is limited to 1 A. The variation of the output cur-
rent amplitude with the order and phase sequence of the cur-
rent harmonics is shown in Fig. 15, where ‘Initial’ indicates 
that the excitation current is DC.

From Fig. 15, when the amplitude of the current harmon-
ics reaches 25% of the DC, the 1st current harmonic has the 
strongest amplitude attenuation effect on the output current 

this range, the 3rd current exhibits an overall suppression 
effect on electromagnetic force.

Notice that the 3rd harmonic is an odd-order harmonic. 
As the harmonic amplitude increases, the radial electromag-
netic force (36,6,0) continues to increase and eventually 
replaces the original (36,0,1) as the new dominant vibration 
source. This is consistent with the conclusions drawn above.

As shown in Fig. 13, the amplitudes of both force har-
monics (f = 30, m = 6, n = 0,1) and (f = 36, m = 6, n = 0,1) 
increase approximately linearly with the 6th current har-
monic amplitude, except for (42,6,1) which is weakened. 
The (36,0,1) increases most dramatically, with each 0.25A 
rise in harmonic amplitude causing a 60% increase in radial 
force amplitude over that before injection. Thus, increases 
in the amplitude of the 6th current harmonic show an overall 
enhancement of the electromagnetic force.

To verify the accuracy of the simulation analysis results, 
vibration testing of the claw-pole alternator was conducted 
under varying excitation current conditions. The alternator 
was first secured to the test bench, with an asynchronous 
motor driving the rotor via a belt. A DC power supply was 
connected to the rotor’s excitation windings to provide 
power, allowing for adjustments to the excitation current. 
To match the simulation setup, the DC component of the 
excitation current was set to 4A, and the amplitude of the 
harmonic current was set to 1A. A vibration accelerometer 

Fig. 11  Influence of the 2nd current harmonic with negative phase sequence on radial electromagnetic forces
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bench test. Based on the results, the following key conclu-
sions are drawn:

(a)	 The frequency and phase sequence of excitation cur-
rent harmonics significantly affect the amplitude of 
the radial electromagnetic force, with distinct impacts 
observed for different harmonic orders.

(b)	 Even-order current harmonics do not generate new 
major sources of vibration but only modulate the ampli-
tude of existing vibrations. In contrast, odd-order cur-
rent harmonics induce new major sources of vibration, 
thereby influencing the vibration characteristics more 
profoundly.

(c)	 Specifically, the 2nd current harmonic with a nega-
tive phase sequence and the 3rd current harmonic with 
a positive phase sequence can effectively reduce the 
radial electromagnetic force, whereas the 6th current 
harmonic, regardless of phase sequence, enhances the 
electromagnetic force.

These findings present a novel perspective on the inter-
action between excitation current harmonics and radial 

(−2.2%), while both the 2nd and the 3rd current injection 
cut the output current by about 1.5%. Therefore, it can be 
assumed that the current harmonics with small amplitudes 
do not cause a significant deterioration in the power genera-
tion performance of the claw-pole alternator.

6  Conclusion

In this study, the influence of excitation current harmonics 
on the radial electromagnetic forces of electric excitation 
claw-pole alternators was systematically examined. A novel 
analytical framework was developed to derive the frequency 
and spatial order of the radial electromagnetic forces consid-
ering excitation current harmonics. Additionally, a compre-
hensive simulation was performed on the zero-order spatial 
components of the radial electromagnetic forces, taking into 
account various types of excitation current harmonics with 
different phase sequences, frequencies, and amplitudes. The 
underlying influence mechanism of these harmonics on 
the electromagnetic forces was thoroughly explored. The 
simulation analysis results were validated through vibration 

Fig. 12  Influence of the 3rd current harmonic with positive phase sequence on radial electromagnetic forces
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or rotor speeds, as well as exploring the coupling effects of 
multiple current harmonics on electromagnetic forces. This 
study opens new avenues for enhancing the performance 
and efficiency of claw-pole alternators by addressing the 
impact of current harmonics on their operational dynamics.

electromagnetic forces in claw-pole alternators, providing 
valuable insights for optimizing alternator design to mitigate 
unwanted vibrations. Future work could focus on further 
investigating the harmonic characteristics of the output cur-
rent from the voltage regulator at varying battery voltages 

Fig. 14  Vibration testing of claw pole alternator under different excitation currents. (a) experimental setup. (b) test result

 

Fig. 13  Influence of the 6th current harmonic with positive phase sequence on radial electromagnetic forces
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