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	感应电机具有结构简单、维护简易和经济性好等优点，是目前应用最广的电动机种类，但当其作为发电机运行时，传统的感应发电机由于具有功率因数低、效率不高和电压调节不灵活等缺点，从而限制了其应用。针对传统感应发电机的缺点，本文提出了带有静止励磁调节器（SAVR）的双绕组感应发电机（DSWIG），该新型电机是一种具有高功率密度、运行可靠、供电品质优良的新型直流电源，是舰船综合电力系统发电模块的发展方向之一。该电机在定子上布置了两套绕组：一套M相（M=3，6，9，12…）功率绕组，外接有自励电容，同时经整流桥输出直流电能；另一套3相补偿绕组，外接PWM电压型SAVR。该新型感应发电机通过剩磁与电容的自激建立一定的空载电压；SAVR采用基于定子电压定向原理的控制算法，通过调节SAVR输出的无功电流和有功电流分别稳定功率绕组输出直流电压和励磁调节器直流侧电容电压。
本文围绕这种新型多相整流高速感应发电机系统进行了深入细致的研究，建立了该类发电机电磁设计与运行性能分析的理论体系，取得了如下成果：
（1）双绕组感应发电机系统的数学模型
论文基于理想电机假设，建立了双绕组感应发电机在a-b-c坐标系下的数学模型，应用Park变换，得到了双绕组感应发电机在d-q坐标系下的解耦模型和描述发电机运行状态的最小参数集合，建立了该类电机参数与普通三相电机参数的联系，为引用普通三相电机的理论和方法来分析该类电机奠定了基础，该方法适用于一般M/3相双绕组感应电机系统的建模。（代表性论文：A novel stand-alone dual stator-winding induction generator with static excitation regulation. IEEE Transactions on Energy Conversion, 2005,SCI: 990PY, EI:05529620723）
（2）双绕组感应发电机系统的空载特性分析
建立空载电压是感应发电机独立运行的首要条件，虽然三相感应发电机空载自励的分析方法较为成熟，但这些方法并不能直接用于多相电机的自励分析。论文以12/3相双绕组感应发电机为例，通过参数折算得到了十二相功率绕组的等效电路，在此基础上提出了多相整流感应发电机空载自激建压的计算方法，试验结果与计算结果的一致验证了该方法的有效性。
在原理样机的研究中发现：当十二相功率绕组参数设计不当时，接上十二相自励电容并按正常方式起动机组建立空载电压过程中，不但没有建立起预期的基波电压，而且发生了5或7次谐波谐振现象，基波电压完全被抑制；另外，当SAVR投入进行空载电压整定时，如果励磁调节器输出的电流波形畸变率较高，会导致十二相整流桥输出电压波形由正常的24脉动变为6脉动，从而大大降低了多相整流桥的供电品质，难以满足系统供电需求，该现象在空载和轻载时较明显，随负载增大而减小。
解释并解决上述问题影响到该新型发电机方案的成立，为此论文从电机单相绕组的磁势分析入手，推广得到多相绕组的合成磁势，深入揭示了双绕组感应发电机两套绕组间的相互耦合关系：定子绕组低次谐波电流产生的同次空间谐波磁场是导致自激建压过程中低次谐波谐振的重要原因之一；相数少的绕组中低次谐波电流产生的谐波磁场会导致相数多的绕组不对称运行。在此基础上，通过将十二相绕组等效为一个三相Y绕组，并将补偿绕组折算到等效的三相Y绕组中，导出了简明的谐波耦合等效电路，阐明了普通三相电机与双绕组感应发电机的内在联系，并通过原理样机的试验验证了分析方法的正确性，该方法适用于一般M/3相双绕组感应电机系统的分析。（代表性论文：12/3 相双绕组感应发电机的谐波不对称分析，中国电机工程学报, 2004, EI: 04308283246）
（3）双绕组感应发电机系统的二维场路耦合仿真分析
为适应高速运行，大功率等级的双绕组感应发电机需要采用在高强度合金钢上嵌入鼠笼导条的复合结构转子，以提高机械强度并兼顾电气性能。该种结构给电磁设计带来了极大的困难。
为避免复杂的电机参数计算特别是实心鼠笼转子参数的计算，论文建立了双绕组感应发电机的二维瞬态非线性场路耦合模型，采用二维瞬态场和外接电路分析交替迭代的计算方式，利用关联矩阵表示功率绕组外接电路的连接关系，通过适当简化得到SAVR的等效模型，提出了基于基波等效原则的斜槽效应处理方法，该方法较好的模拟了斜槽作用且没有明显增加计算时间，可以推广到其它的二维瞬态场路耦合分析中。通过多种稳态工况的仿真分析和试验结果的对比，表明该模型可以满足工程设计需要。（代表性论文：Steady-state performance of dual stator-winding induction generator based on two-dimensional time-stepped finite element analysis. IEEE-IEMDC 2007 Conference, ISTP:0248118800057）
（4）基于损耗最小的自励电容优化设计
常规感应发电机存在功率因数低和效率不高的缺点，该问题已成为制约感应发电机推广的瓶颈因素。论文提出采用整流桥负载来代替交流线性负载，从而取消了电压频率的限制和提高了负载的功率因数，同时为了减小SAVR产生的谐波对供电品质的影响，提出了两套定子绕组结构，从而实现了能量输出和励磁调节两部分在电路上的隔离。原理样机的试验研究发现：当功率绕组整流桥负载交流侧并接一定的自励电容时，自励电容会极大地改善整流桥负载的基波功率因数，如果参数设计合理，整流桥负载的基波功率因数接近1，大大减小了电机所需的定子无功功率并提高了系统效率。据此得到了双绕组感应发电机方案的雏形。
论文立足对系统进行解析分析，通过忽略转子回路中的高频分量及定子变压器电势中的低频分量，推导得到了带有整流负载的三相感应发电机系统的等效电路模型；根据交流电容电压不能突变而允许电流突变的特点，分别按考虑换相重叠角和不考虑换相重叠角两种条件对接有交流自励电容的整流负载特性进行分析，利用换相瞬间电容电压和电流变化特性、整流桥导通和截止特性以及半周期对称性等特点列写相应的方程组，并针对大部分运行工况下不需要考虑换相重叠角的情况进行了解析分析，指出只要自励电容与电机的等效电感符合一定的条件就可以满足整流桥负载从空载到满载始终呈现容性的特点，利用这一特点不仅可以提高功率绕组的功率因数，且会大大减小SAVR的补偿容量。基于上述分析方法，论文对双绕组感应发电机系统进行稳态求解，通过不同负载的仿真与解析结果对比，表明提出的解析分析方法具有较好的准确度。
另外，从系统的角度来看，两套绕组都有提供无功分量的需求，且考虑到负载一定时，两套绕组无功容量的分配基本不会影响到转子损耗，仅影响定子损耗，据此论文提出了通过两套绕组的无功分配实现系统效率最高的优化目标，利用建立的简化解析模型和损耗分析获得了自励电容的优化值。
在综合前面理论分析的基础上，论文提出了多相整流感应发电机的电磁设计原则，为该新型感应发电机的电磁设计提供了指导。(本部分提出了多相整流感应发电机的电磁设计原则，是国家自然科学基金委创新研究群体科学基金项目“电力系统电磁兼容”（50421703）的重要组成部分。代表性论文：Optimal design of self-excited capacitor in dual-stator winding induction generator. IET Electric Power Application, 2009，SCI: 463ZZ, EI: 092912194315)
（5）12/3相双绕组感应发电机直流侧突然短路电流分析
论文针对12/3双绕组感应发电机直流侧短路的过渡过程，通过定性分析，得到了直流侧短路时，不需考虑三相辅助励磁绕组影响的结论；通过解析分析，得到了功率绕组直流侧短路时功率绕组交流侧电流的完整表达式以及直流侧最大短路电流的计算公式；通过合理近似，给出了适合大容量发电机工程应用的短路电流近似表达式，通过仿真和试验验证了分析结果的正确性。该方法同样适用于一般M/3相双绕组感应电机系统的分析。（本部分研究工作是海军重点型号科研项目“某型潜艇电力系统突然短路故障”和“某型潜艇电力系统突然短路时电缆电动力研究”的重要组成部分，成功解决了我国海军潜艇电力系统突然短路故障的重大技术难题，其中“某型潜艇电力系统突然短路故障”获得了2006年度军内科技进步二等奖，申请人为第二获奖人。代表性论文：12/3 相双绕组感应发电机直流侧突然短路电流分析,中国电机工程学报，2005, EI: 05379360374）
（6）双绕组感应发电机系统的运行稳定性分析
双绕组感应发电机是本世纪初才提出的一个新型独立发电系统，该系统的运行稳定性是评价该系统性能的一个重要指标。
一方面，论文从双绕组感应发电机的ds-qs数学模型入手，通过忽略定子绕组的变压器电势建立了双绕组感应发电机系统的等效简化电路模型，通过线性化处理得出了考虑机械输入功率波动时的稳定判据，揭示了系统“微变”稳定条件与稳态稳定运行区域相一致的物理实质。
另一方面，论文应用状态平均原理建立了励磁调节器的平均小信号电路模型，并根据电机方程和控制算法，分别推导了电容电压环和整流电压环的传递函数，通过传递函数的分析，得到了满足系统稳定运行的控制参数，为SAVR控制参数的设计提供了理论指导。（代表性论文：考虑机械功率波动时3/3 相感应发电机系统的小扰动分析,电工技术学报,2007, EI：080911124726）

本论文提出的新型多相双绕组感应发电机大大拓展了感应发电机的应用领域，发表相关论文17篇。应用上述核心成果研制出的工程样机已确定用于某国防重大项目。本论文的研究成果还为成功解决我国海军潜艇发电机可靠性的重大技术难题奠定了基础，该成果获2008年度军队科技进步一等奖，申请人为第二获奖人。申请人和导师合作于2004年申请成功国家自然科学基金面上项目“多相整流感应发电机的研究”(50477051)；作为多相电机研究工作的延伸，申请人还于2008年负责申请并获得国家自然科学基金面上项目“大容量高转矩密度多相感应电动机的研究”(50877077)。论文相关成果获发明申请专利“多相整流/三相辅助励磁控制的高速感应发电机”， 授权号：ZL200410055584.9。
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A study on multi-phase induction generator-rectifier system

Wang Dong

ABSTRACT
	The induction machine is the most widely used motor due to its simple structure, little maintenance and low cost. When it is applied to the generation system, many disadvantages on the performance of the conventional induction generators, such as low power factor (PF), low efficiency and stiff voltage regulation, limit their widespread application. In order to solve the problems above, the dual-stator winding induction generator (DSWIG) with static automatic voltage regulator (SAVR) is proposed in this dissertation. The novel generator is characterized by high power density, high reliability and high quality DC power supply, which is one of the development directions of the generation module of vessel integrated power system. In this generator, two sets of windings are embedded in the stator slots. The one with self-excited capacitors, referred to as the M-phase (M=3,6,9,12…) power winding supplies DC power via multi-phase bridge rectifier. The other, termed as the 3-phase auxiliary excitation winding, feeds to a PWM voltage source SAVR. A self-excited no-load voltage is built up by means of remanence and capacitor. Based on stator-voltage-orientation strategy, the output DC voltage of the power winding and DC-capacitor voltage of the SAVR are maintained at set values by regulating the output reactive and active currents of SAVR. 

In this dissertation, the novel high speed multi-phase induction generator-rectifier system is systematically and thoroughly studied, and the guideline of the electromagnetic design and performance analysis for the generator is established, and following conclusions are derived:

(1) Mathematical model of DSWIG system

Based on ideal machine assumption, the mathematical model of the DSWIG in a-b-c coordinates is set up in this dissertation. By applying the Park’s transformation to the a-b-c model, the decoupled d-q coordinates mathematical model and the minimal parameter set, which can be used to make a complete description of the behavior of DSWIG, are obtained. The relationship between the forementioned parameters and the parameters of three phase machine are deduced, which lays the theoretical foundation for studying DSWIG by introducing the theory of three phase machine. The method is also adapted to the modeling of general M/3-phase DSWIG system.(Publications: A novel stand-alone dual stator-winding induction generator with static excitation regulation, .IEEE Transactions on Energy Conversion, 2005,SCI: 990PY, EI:05529620723)
(2) Analysis of the no-load performance of the DSWIG system

The voltage building at no-load is the first condition for DSWIG in isolated system. Although the analysis methods on the three phase induction generator at no load are well established, the methods are not suitable for the analysis on multi-phase machine before some simplifications are performed. Taken the 12/3-phase DSWIG as an example in this dissertation, the equivalent circuit is obtained by the parameter transformation of the 12-phase power winding, and the calculation approach of the no load self-excited voltage building is proposed. The validity of the method is verified by the agreement between the experimental results and calculated results.

There are some special phenomena in the research process of theoretic machine as follows: If the parameters of 12-phase winding are not designed reasonably, instead of normal fundamental resonance, the 5th or 7th harmonic resonance occurs at no load. Additionally, if the total harmonic distortion (THD) of output current waveform arrives at a certain level when SAVR regulates output DC voltage at no load, the DC voltage waveform will change from the normal 24 ripples to 6 ripples, which lower power quality heavily and can not satisfy the system requirement. The ripple ratio is much heavier at light load than at heavy load, which decreases with the increasing of the load. 

As the theoretical analysis and solution method to the special phenomena are critical factors to the success of novel generator scheme, it is necessary to begin with research from single-phase winding magnetic motive force (MMF) analysis, expand to the multi-phase winding and reveal it. Based on the stator winding MMF analysis, the coupling electromagnetic relationship between two stator windings of the DSWIG is thoroughly uncovered as follows: The same-order spatial harmonic field induced by the low-order harmonic currents is one of the most important causes to induce low-order harmonic resonance. The harmonic field induced by the low-order harmonic currents of the stator winding with fewer phases can result in the asymmetric operation of the winding with more phases. With these analyses, the simplified equivalent circuit of 12/3-phase DSWIG is obtained by transforming the 12-phase winding into one 3-phase Y winding and converting the compensation winding to the other 3-phase equivalent circuit. The intrinsic relationship between DSWIG and 3-phase machine is revealed and the method is validated by comparing calculated results with experimental results. The method is suitable for conventional M/3-phase DSWIG system. (Publication: Analysis on the harmonic asymmetry of 12/3-phase double winding induction generator, Proceedings of the Chinese Society of Electrical Engineering, 2004, EI: 04308283246)
(3) Electromagnetic (EM) field-circuit coupled simulation of DSWIG system

In large power DSWIG, a compound rotor composed of solid iron core and squirrel-cage winding is adopted to meet the requirements of high speed rotation and electromagnetic performance. The structure induces much trouble on the EM design. 

In order to avoid the complex parameter calculation, especially for the solid iron squirrel-cage rotor parameters, the two dimensional transient EM field-circuit coupled model of DSWIG system is established in this dissertation. An incidence transformation matrix is used to represent the connections of the external circuit. The simplified equivalent model of SAVR is achieved. A new method based on fundamental equivalent principle is put forward to deal with the skew-slot effect. With this model, the effects of tooth-slot and nonlinearity on magnetic circuit and so on are accounted for. The calculated results consistent with the measured results very well, thus showing the model can be used for engineering applications. (Publication: Steady-state performance of dual stator-winding induction generator based on two-dimensional time-stepped finite element analysis. IEEE-IEMDC 2007 Conference, ISTP:0248118800057)

(4) Optimal design of self-excited capacitor

As for the conventional induction generator, the disadvantages such as low PF and efficiency limit their widespread application. Instead of linear AC load, rectifier load, insensitive to varying frequency, is adopted to improve PF. Consequently, the dual-stator winding structure is adapted to reduce the disadvantage of SAVR to output power quality and separate output energy and excitation control. The experiment of theoretic sample machine shows that when AC-side of power winding rectifier feeds to certain self-excited capacitors in parallel, self-excited capacitors will greatly improve fundamental PF of rectifier load. Furthermore, if associated parameters are properly designed, fundamental PF of rectifier load will near reach 1, which will reduce required reactive power sharply and improve the system efficiency obviously. Therefore, the original scheme of DSWIG is obtained.

In order to achieve theoretic principle for engineering application, an analytic approach is employed in this dissertation. Neglecting the high frequency components of rotor loop circuit and recognizing that the decay of stator transformer electromotive force corresponding to low frequency components completes instantaneously, the equivalent circuit of 3-phase induction generator with bridge rectifier is obtained. Based on the fact that current flowing through the capacitor can jump suddenly but voltage can not, the characteristic of rectifier load with AC-side self-excited capacitor is analyzed with considering the commutation process or not. Equation system is deduced according to many characteristics involved, such as voltage-current characteristic of capacitor during commutation, switch characteristics of bridge rectifier, half-periodic symmetry and so on. Most operating modes are analyzed without considering commutation. It is pointed out that characteristic of rectifier load is capacitive from no load to full load under certain match relationship between self-excited capacitors and equivalent inductances of AC source. The very characteristic enables us not only to improve PF of the power winding, but also to sharply decrease the compensation power of SAVR. Based on the analytical method mentioned, the steady-state solution of DSWIG system is performed. The agreement between calculated and measured results shows validity of analytical analysis.

Additionally, in the view of system, there exists reactive power component in both two windings. It is noteworthy that the distribution of reactive power component on these two windings is independent of rotor loss but relates to stator loss. Hence a method is advanced in this dissertation to achieve highest efficiency by distribution of reactive power component on two windings. Optimum value of self-excited capacitor is obtained by simplified analytical model and loss analysis.

On the basis of theoretical analysis, electromagnetic design principle of multi-phase induction generator with rectifier load is proposed, which provides guidance for electromagnetic design of a novel induction generator. (The electromagnetic design principle of multi-phase induction generator with rectifier load is proposed in the content of the part, and the works thereof are the key components of the NSF Creative Research Group project “Power system electromagnetic compatibility” (50421703). Publication: Optimal design of self-excited capacitor in dual-stator winding induction generator. IET Electric Power Application, 2009, SCI: 463ZZ, EI: 092912194315)

(5) Analysis of the current of DC-side sudden short circuit in 12/3 phase DSWIG

The transient process of sudden short circuit at DC side for 12/3-phase DSWIG is analyzed. The effect of the 3-phase auxiliary excitation winding on the process of DC-side sudden short circuit can be neglected by qualitative analysis. The complete expressions of AC-side short-circuit current of power winding are derived by the analytical analysis, and the formula of DC-side maximum short-circuit current is obtained by qualitative analysis. With some assumptions, the approximate expressions, especially for engineering applications, are obtained for the analysis of the large capacity generator. The validity of analytical analysis is verified by simulations and experiments. The method is adapted to modeling of general M/3-phase DSWIG system.( The research results of this part are the key components of the navy key projects “ the sudden short circuit of power system in a submarine” and “research on strength of the cable with the sudden short circuit of power system in a submarine”. One part of work is one of the main contributions of the secondly awarded project of Military Science and Technology Award in 2006 and the applicant ranked the second position. Publication: Study on the currents of sudden DC-side short circuit of a 12/3-phase dual stator-winding induction generator, Proceedings of the Chinese Society of Electrical Engineering, 2005, EI: 05379360374)

 (6) Analysis of operational stability of DSWIG system

DSWIG is a novel isolated generation system just advanced in the beginning of 21 century, so its operational stability is an important index for evaluating performance of the whole system.

On one hand, the simplified equivalent circuit model is achieved from the ds-qs model of DSWIG by neglecting the transformer-EMF of the stator winding in this dissertation. The stability criterion of the DSWIG system considering the mechanical power fluctuations is derived from the linearization model. Physical interpretations are given to the criterion: the small disturbance stability region is identical with the stability region of steady-state operation. 

On the other hand, the effect of parameters of SAVR on the system stable region is another important aspect of operational stability of DSWIG system. In this dissertation, the average small-signal circuit model of SVAR is established based on state-space averaging approach. The transfer function of capacitor-voltage loop and rectifier-voltage loop is deduced according to generator equation and control algorithm. Through analysis of transfer function, proper control parameters insuring operational stability of the whole system are obtained, which can provide valuable guidance for design of SAVR control parameter. Publication: Small disturbance analysis on the mechanical power flucutations in 3/3-phase dual stator-winding induction generator, Proceedings of the Chinese machine press, 2007, EI：080911124726）

The application field of the novel high speed multi-phase induction generator-rectifier system which is put forwarded in the dissertation, became more expanding, and the engineering prototype machine will be applied to a key project of national defence. An important reliability problem of our submarines is solved based on the research results, which is awarded the first-class Military Science and Technology Prize in 2008 and the applicant ranked the second position. The applicant, guided by his supervisor, carried out NSFC project "A study on multi-phase induction generator-rectifier system" (50477051). As an extension of the multi-phase machine research work, the applicant successfully applied and charged NSFC project "Study on a large-capacity multi-phase induction motor with high torque density" (50877077). An invention patent related to the dissertation "A multi/3-phase by controlled excitation on the high speed induction generator-rectifier system" (ZL200410055584.9) is also authorized.
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