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摘 要: 根据非高频引弧技术在等离子切割电源中的应用，分析了等离子电弧的静态特性，推导出了等离子电弧数

学模型，并结合电源在非高频引弧、弧转移及弧能量突变过程中的控制需求． 提出了一种新型复合控制策略，该策
略的内环是由前馈补偿的电弧电压与反馈电弧电压构成电压闭环复合控制，外环则以电流闭环对等离子弧柱能量

进行控制，形成了一种前馈补偿双闭环复合控制方式，以满足电源在非高频引弧负载条件下对快速性和稳定性的

控制需求． 结果表明，文中所提控制策略不仅可以提高系统的快速性和鲁棒性，还具有优异的动态响应能力，电源
的非线性适应能力强，有效的解决了等离子切割电源的控制需求．
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0 序 言

等离子切割电源引弧方式普遍采用高频引弧技

术，高频引弧技术具有高引弧率的特点，但高频引弧

无法避免高频高压造成的电磁干扰，非高频引弧技

术的提出有效的解决了电磁干扰问题［1，2］． 非高频
引弧是在压缩气体作用下拉弧，突加气体时若控制

不佳，则电弧难以形成或稳定［3］; 然而电弧的稳定

性直接影响着切割效果，因此对等离子电弧特性及

等离子弧控制方法的研究十分必要．
切割电源控制方式目前主要以单环控制为主，

一般为电流( 或电压) 单闭环、电流闭环电压开环切
换控制［4 － 6］． 文献［4］为了解决切割电源的非线性
和时变问题采用电压单环控制，由于切割电流直接

影响切割质量，电压环的控制不能及时响应电流的

控制要求; 文献［5］采用电流闭环电压开环切换控
制，采用双环切换控制时换点设置困难，并且引弧瞬

间的强干扰容易造成控制器在电压电流两个环之间

来回切换，导致电路不能正常起弧． 文献［6］提出带
指令电流前馈的电流外环电压内环的双闭环控制方

式，这种控制方式具有较强的非线性负载适应能力，

同时电流环具有较好的稳定性和动态性能，但是电

压环的动态性能并不明显，适用于高频引弧，在非高

频引弧中存在一定的局限性．
为了解决非高频引弧技术在切割电源中的控制

问题，文中提出一种基于弧控制的新型双闭环复合

控制策略，通过分析电弧特性及电弧稳定性，推导出

非线性等离子电弧数学模型，设计了内环以电弧电

压前馈补偿结合电弧电压反馈构成电压闭环，以电

流闭环为外环对等离子弧柱能量进行控制，形成一

种前馈补偿双闭环复合控制． 所提的新型双闭环复
合控制策略不仅保持文献［6］中良好的稳定性和较
强的非线性负载适应能力，同时设计的电压环补偿

能快速跟随输出电压的动态性能，保证了弧柱电压

的稳定性，实现高引弧率，解决了非高频引弧难的困

扰，十分适用于大功率非高频引弧的控制．

1 新型控制策略的提出

根据等离子切割工艺需求，在气路打开时，短路

电流要在压缩空气、机械、热、电磁共同作用下能成
功拉弧必须具备快速性，同时弧柱电压的稳定程度

影响着非转移弧的稳定性，此过程的非转移弧产生

于喷嘴与电极之间． 材料切割时，将非转移弧转换
为转移弧，此过程的转移弧则形成于工件与电极之

间，装置检测到切割回路电流大于一定阈值时断开

引弧信号，在维持电流恒定的情况下转移电弧，这对

于系统的快速性和稳定性要求十分的苛刻，如果控

制不佳会直接导致断弧［7］． 在起弧到成功形成转移
弧过程中由于等离子电弧在热和电磁的作用下具备

非线性和时变的特点，因此对电弧及系统的整体控

制十分的严格． 成功完成弧转移后，则是切割过程，
在不同切割模式( 普通切割、网格和气刨) 下必须维
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持电弧电流的恒定，才能维持切割表面光滑，保证切

割质量和切割效果． 因此文中提出了一种基于弧控
制的新型复合控制策略．
1． 1 等离子电弧数学模型推导
等离子电弧受电磁场、温度场及热场的影响存

在非线性和时变的现象． 为了保证电弧稳定燃烧及
切割参数的稳定，必须满足电弧的稳定性要求，根据

电弧静特性曲线 u1 = f1 ( i) 和电源外特性曲线 u2 =
f2 ( i) 来分析电弧稳定性，图 1 为电源—电弧伏安特
性曲线．

图 1 图 1 电源—电弧伏安特性曲线
Fig. 1 Current-voltage characteristics curve of power-arc

曲线相交点 a 必须满足 Kw = u1

i
－
u2

( )i ia

＞ 0

才能达到电弧的平衡点稳定条件． 文献［8 － 10］的
电弧质量和能量积分守恒方程，即

∫
rn

0
ρc2πrdr = qm ( 1)

∫
rn

0
ρch2πrdr = UI ( 2)

式中: ρ为等离子弧的质量密度; c为声速; h为热焓;
U为喷嘴出口处电弧电压; I 为喷嘴出口处电弧电
流; r为喷嘴径向坐标; rn 为喷嘴半径; qm 为离子气

在喷嘴出口处的质量流速率［5］．
根据文献［8 － 10］，在气路压力为 0． 1 ～ 1． 0

MPa范围内，ρc，ρch 正比于压力 p． 因此根据双区域
电弧模型，将式( 1) ，式( 2) 简化为

p［K1aAa + K1o ( An － Aa) ］= qm ( 3)
p［K2aAa + K2o ( An － Aa) ］= UI ( 4)

式中: Aa 为弧柱截面积; An 为喷嘴截面积; K1a和 K2a

为内部高温区系数; K1o和 K2o为外部低温区系数．
使用 T100 喷枪，直径 dr = 2． 4 mm，根据式( 1 )

～式( 4) 以气压、弧柱电压及弧柱电流作为参数变
量对电弧模拟曲线进行仿真［9］，如图 2 所示． 根据
模拟电弧曲线，采用非线性曲线拟合方法对电弧进

行逼近处理，假设电弧方程为

U = a1 / I + b1e
( － c1I) ( 5)

如图 3 所示，采用非线性最小二乘法对电弧模拟曲
线进行拟合处理，得到的等离子电弧模拟曲线和拟

合曲线伏安特性曲线，其中拟合系数 a1 = 1 075，
b1 = 34． 324 9，c1 = 0． 002 4． 求取的等离子电弧等效
阻抗数学模型为

Z0 = a1 / I
2 + b1e

( － c1I) / I ( 6)
进而得到电弧补偿环节，即

G f1 ( s) = Z0 ( 7)

图 2 等离子切割电弧模拟曲线
Fig. 2 Cutting plasma arc simulation curve

图 3 等离子切割电弧伏安特性曲线
Fig. 3 Current-voltage characteristics of cutting plasma

arc

1． 2 新型双闭环复合控制策略的设计
根据文献［11］，用一阶惯性环节去近似模拟传

统方法的三角载波电流控制逆变器的频率特性存在

一定的误差，而采用前馈补偿的方法设计的三角载

波逆变器可减小误差且具有很好的跟踪能力． 因此
文中基于半桥结构采用给定扰动预先补偿的原理，

在反馈控制的基础上增加前馈控制，对给定的扰动

( 图 4 中 Iref和 u0 ) 采取预先补偿措施，当扰动出现

但未来得及影响到被控量时，前馈控制作用就产生

了，这样在电弧不稳定时，系统能快速补偿，使电弧

仍然保持稳定． 因此前馈补偿比纯反馈控制更为及
时且不受系统延迟的影响，这样系统的输出电流能

快速跟踪指令电流 Iref，而前馈控制通常不单独使
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用，应该与反馈控制相结合构建复合控制［12］，利用

反馈作用最终消除跟踪产生的误差，新型半桥三角

载波电流控制框图如图 4 所示． 当电源输出电流为
i0 时，若能有效的快速跟踪给定电流 Iref，则有 Iref =
i0，此时系统能够无误差跟踪给定电流，所以电压环
误差输出的 Laplace方程表达式为

ue ( s) = IrefG f ( s) － u0 ( s) ( 8)

图 4 新型半桥三角载波电流控制框图
Fig. 4 Novel triangular carrier control block of half bridge

半桥拓扑主要受 u0 和输出阻抗的扰动影响，而

三角载波控制的半桥拓扑可近似为一个比例系数

Utri /Ucd，因此可设计一个三角载波控制比例补偿系

数 Ucd /Utri ; 负载阻抗的扰动则用电弧模型进行补

偿，进而实现电压环的补偿设计．
由于电流直接影响切割质量，在保证一定的切

割能力和弧的快速性基础上以电流为内环; 而在起

弧过程中对弧柱电压的控制利于电弧的稳定燃烧并

且保证弧的稳定性，因此设计了一种以电压前馈补

偿为外环以电流控制为内环的控制系统，这种控制

方式不仅能快速补偿电弧电压维持电弧稳定，而且

双环控制能有效的减小系统误差，因此图 5 采用这
种前馈补偿双闭环复合控制不仅可以保证系统的快

速性和稳定性，而且有利于提高引弧率．

图 5 前馈补偿双闭环复合控制结构框图
Fig. 5 Composite control block of double closed-loop with

feed-forward compensation

2 仿真及试验结果分析

2． 1 控制策略仿真结果分析
通过对等离子静电弧及弧稳定性的分析，推导

出等离子电弧数学模型，采用前馈补偿双闭环复合

控制策略设计适用非高频引弧的数字化控制系统，

并利用 Simulink 搭建等离子切割电源电路拓扑结
构． 图 6 为电源非高频( LF) 引弧过程、引弧转移至
切割及弧能量突变过程的仿真结果． 结果表明，采
用此新型的控制策略时，输出电流和输出电压能快

速响应给定指令，具有良好的快速性和稳定性，仿真

结果验证了控制策略的可行性和正确性．

图 6 Simulink仿真负载电流电压输出波形
Fig. 6 Output voltage and current waveforms of load by

Simulink simulation

2． 2 基于弧控制的新型复合控制系统试验结果分析
根据控制策略及仿真分析，以 TMS320F2808 为

主控芯片，搭建 20 kW/100 A试验样机． 图 7a 为等
离子切割电源的非高频( LF) 引弧过程，起弧前电极
与喷嘴处于短路状态，设定引弧电流为 25 A，此时系
统维持着 25 A 的短路电流，当引弧信号到来，则气
路打开，在机械、热、电磁三者共同作用下形成了非
转移弧． 此时引弧电流有跌落迹象，如果控制不佳
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则会出现断弧，无法完成引弧． 系统通过电压前馈
补偿快速建立引弧电压来维持电流稳定，减小跌落

的程度，保持电弧电流稳定在 25 A，保证成功起弧，
形成了稳定的非转移弧． 非转移弧稳定后，将喷嘴
靠近工件，通过检测切割回路电流，当电流大于一定

阈值时，将引弧信号置低，此时电弧由非转移弧切换

至转移弧，由试验现象获知负载的变化会导致弧柱

电压不稳定，因此此过程需具备良好的鲁棒性及快

恢复性，试验过程中采用电压环补偿有效的解决了

此问题，并能维持电压和电流恒定，如图 7b 所示，系

图 7 逆变式等离子切割电源样机试验波形

Fig. 7 Experimental waveforms of air plasma cutting in-

verter prototype

统不仅快速跟随电流变化且迅速稳定，达到良好的

控制效果． 图 7c 是在转移弧稳定后切割电流增加
引起弧能量突变的过程中电流突增，切割电流快速

跟随并稳定． 图 7d 是在板材切割时输出电流为 50
A情况下系统达到了稳态，并具有良好的稳定性．

3 结 论

( 1) 等离子电弧静态特性模型的建立，有利于
对等离子电弧及电源的稳定性进行研究．
( 2) 给定电流结合弧静态模型设计的电压前馈

补偿方式有利于弧柱电压快速建立，提高非高频引

弧的引弧率．
( 3) 基于弧控制的新型复合控制策略，不仅具

备良好的动态响应能力和鲁棒性能，也提高了电源

的性能和切割质量．
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posite using Cu-25Sn-10Ti filler alloy． The interfacial micro-
structure of joint was analyzed and its formation mechanism was
discussed，and also the impact of interfacial microstructure on
shear strength of joints at different holding time was studied． Ｒe-
sults show that continuous interfacial reaction layer has been
formed at both sides of the base materials at brazing temperature
880 ℃ and holding time for 15 min，while the typical interfacial
microstructure was Invar alloy /Fe2Ti + Cu ( s，s ) + ( Ni，Fe，
Cu) 2TiSn /Cu( s，s) + Cu41 Sn11 + CuTi /TiSi + Ti2O3 /SiO2f /SiO2

composite． Holding time increasing would enlarge the thickness
of TiSi Ti2O3 layer near SiO2f /SiO2 composite，and Fe2Ti parti-
cles would turn into blocks． The shear strength of joint would al-
so change with increasing of holding time． The shear strength of
the joints reaches a maximum of 11． 86 MPa when the tempera-
ture is 880 ℃ and the holding time is 15 min．

Key words: SiO2f /SiO2 composite; Invar alloy; brazing;
interfacial microstructure; shear strength

In-situ observation of cracking in wollastonite coatings and
effect of powder size on fracture WANG Lubin，WANG
Weize，CHEN Yufan，XUAN Fuzhen ( Key Laboratory of Pres-
sure Systems and Safety，Ministry of Education，East China Uni-
versity of Science and Technology，Shanghai 200237，China) ．
pp 57 － 60

Abstract: Fracture analysis of coatings has an important
role on the investigation of coating＇s failure mechanism，the opti-
mization of the processing parameters and the design． The frac-
ture of plasma sprayed wollastonite coatings was observed in-situ
by using a scanning electron microscope ( SEM) during the ta-
pered double cantilever beam ( TDCB ) specimens were pulled
open． Additionally，the effect of powder size on the coating's
fracture toughness is investigated based on the observation of the
microstructure，fracture morphology and cracking propagation of
coatings． It was found that the cracking path was mainly influ-
enced by the applied stress． The original pores in the coatings，
including the large pores，cracks and non-bounded interfaces
could guide the cracking somewhat． The fracture toughness of
coatings increased and fracture paths were more curved with the
decreasing of powder size

Key words: coating fracture; in-situ observation; wollas-
tonite; plasma spraying

Linear cumulative damage analysis of welded joints under
combined cycle fatigue ZHANG Tao，WANG Dongpo，
DENG Caiyan，WU Liangchen ( School of Material Science and
Engineering，Tianjin University，Tianjin 300072，China ) ． pp
61 － 65

Abstract: 16Mn steel welded joints are tested to fail un-
der low cycle fatigue，high cycle fatigue and combined cycle fa-
tigue using an apparatus that is capable of providing interactive
loading． A linear cumulative damage theory is used to estimate
the fatigue life of the butt joints． The proportion of each of the
two fatigue load components which cause the cumulative damage
is calculated． The research indicate that high cycle fatigue loads
and low cycle fatigue loads simply calculated as proportion would
seriously underestimate the coupling between the two components

of the fatigue load when we use Miner rule to calculate the fatigue
cumulative damage of specimens． However，we can take into ac-
count of the coupling between the high and low cycle fatigue
loads when we turn to the outsourcing envelope of the low cycle
fatigue loads．

Key words: welded joints; combined cycle fatigue; line-
ar cumulative damage

Characteristic of temperature distributions in stirring tools
during friction stir welding LI Jingyong，ZHAO Yan-
gyang，KANG Xiaoliang ( Advanced Welding Technology Provin-
cial Key Laboratory，Jiangsu University of Science and Technolo-
gy，Zhenjiang 212003，China) ． pp 66 － 70

Abstract: The temperature distribution in stirring tools
was measured by experimental method． It is shown that the char-
acteristic of temperature distribution in stirring tools is much dif-
ferent from that in workpieces． At the beginning stage of friction
stir welding，the softening in stirring zone reduces the friction co-
efficient and the friction heat between the stirring pin and the
workpiece，so the temperature in stirring tools stops rising，
whereas decreases in the exterior margin of the tool before the
shoulder touches the workpiece． At the steady welding stage，e-
quilibrium exists between the heat quantity delivered to and dis-
sipated through the stirring tool，and its temperature keeps little
fluctuation． The surface of the high-speed rotating tool has inten-
sive heat exchange with the air around it，so the temperature near
its axis is higher than that on the exterior margin． The stirring
tools made of metal with lower specific heat capacity and higher
coefficient of heat transfer lead to heat within the welding area
dissipating faster．

Key words: friction stir welding; stirring tool; tempera-
ture field

A novel composite control strategy for plasma cutting power
supply based on arc control SUN Qiang，CHEN Long，
CHEN Guitao，WANG Huamin ( Automation ＆ Information En-
gineering College， Xi'an University of Technology， Xi'an
710048，China) ． pp 71 － 75

Abstract: This paper analyzes static characteristics of
plasma arc with the derivation of plasma arc mathematical model
according to the application of low-frequency( LF) pilot arc tech-
nology in the plasma cutting power supply，and integrates with
the control requirements in low-frequency ( LF ) pilot arc，arc
transferring and arc energy transferring，and proposes a novel
composite control strategy． In order to meet the power＇s control
requirements of rapidity and stability with the load of low-fre-
quency( LF) pilot arc，the inner loop of this strategy builds up
voltage loop composite control with feed-forward arc voltage and
feedback arc voltage，and the current outer loop controls the en-
ergy of plasma arc，forming a control method of feed-forward
composite control of double closed-loop． Simulations and experi-
ments were given to verify that the mentioned control strategy not
only improved system's stability and robustness，but also had ex-
cellent dynamic responsibility． The power had well non-liner re-
silience，meeting requirements for plasma cutting power supply．

Key words: plasma cutting power supply; arc control;
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feed-forward compensator; feed-forward composite control of
double closed-loop

Microstructure and wear behavior of Fe-based coating pre-
pared by plasma transferred arc-welding YAO Haihua1，
ZHOU Zheng1，HE Dingyong1，ZHAO Qiuying2，LI Ｒan1 ( 1．
College of Materials Science and Engineering，Beijing University
of Technology，Beijing 100124，China; 2． Postdoctoral Ｒe-
search Station of Mechanical Engineering，Beijing University of
Technology，Beijing 100124，China) ． pp 76 － 80

Abstract: A new Fe-based alloy powder was designed to
prepare coatings by plasma transferred arc-welding ( PTAW )
process on AISI304L stainless steel substrate． The microstructure
and wear behavior of the relative coating were detected by XＲD，
SEM and a rubber wheel abrasive testing machine respectively，
in comparison with that of the traditional NiCrBSi and NiCrBSi +
25%WC coatings． The results show that the matrix of Fe-based
coating consists of Fe-Cr solid solution and γ-Fe phase，surroun-
ded by numerous dispersed Mo-rich borides and M23 ( B，C ) 6
hard phases，which contribute to support and strengthen the coat-
ing organization． The Fe-based coating exhibits high average
hardness of 64． 2 HＲC，and excellent wear resistance which is
better of that of the NiCrBSi + 25% WC coating and exceeds 8
times of that of the NiCrBSi coating．

Key words: plasma transferred arc-welding; Fe-based
coating; microstructure; wear behavior

Effect of oxygen content on wettability and mechanical prop-
erty of brazing seam for silver based powdered brazing filler
metal ZHANG Guanxing1，LONG Weimin1，PAN Jianjun1，
LI Hao2 ( 1． State Key Laboratory of Advanced Brazing Filler
Metals and Technology，Zhengzhou Ｒesearch Institute of Me-
chanical Engineering，Zhengzhou 450001，China; 2． School of
Materials Science ＆ Engineering，Zhengzhou University，Zheng-
zhou 450001，China) ． pp 81 － 84

Abstract: The properties of silver brazing filler metal with
different oxygen content were studied by optical microscope，
scanning electron microscopy and other analytical tools． The re-
sults of the experiment indicate that with the increase of oxygen
content，the melting point of the solder alloy rises，which is 56
℃ higher than that is casted when oxygen content is 0． 6047% ．
With increase of the oxygen content，the surface layer of the bra-
zing filler metal was covered with much oxide，the wetting ability
between the solder and the substrate significantly decreases．
When the oxygen content is about 0． 02%，the tensile strength of
the brazing filler metal is lowered slightly． When the oxygen con-
tent increases to more than 0． 03%，the tensile strength decrea-
ses from over 300 MPa to about 170 MPa． The size of the inclu-
sions in the welded joint increases with the oxygen content in-
creases，while the brazed rate decreases．

Key words: oxygen content; wettability; tensile
strength; oxide

Effect of thermal aging on intermetallic compounds and
properties of Sn-Cu-Ni-xPr /Cu soldered joints MA Cha-
oli1，XUE Songbai1，LI Yang1，XU Yiwei1，JIANG Junyi2 ( 1．

College of Materials Science and Technology，Nanjing University
of Aeronautics and Astronautics，Nanjing 210016，China; 2．
Jinhua Shuanghuan Brazing Alloys Co．，Ltd，Jinhua 321000，
China) ． pp 85 － 88

Abstract: Chip resistors were joined with Sn-0． 7Cu-0．
05Ni-xPr solder． To guarantee the reliability of the Sn-0． 7Cu-0．
05Ni-xPr /Cu joints in service requirement，the growth rate of in-
termetallic compounds of Cu side was evaluated and the effects of
the intermetallic compound layer on the electrical and mechanical
properties have been investigated under various aging time． The
shear strength of Sn-0． 7Cu-0． 05Ni-xPr /Cu joint gradually de-
creased during thermal aging． Meanwhile，under the same condi-
tion，the Sn-0． 7Cu-0． 05Ni-xPr /Cu joint achieved good mechan-
ical properties when the addition of Pr was about 0． 05% ．

Key words: lead free solder; thermal aging; interface
thickness; mechanical properties

Effects of boron on microstructures and wear resistance of
Fe-Cr-C system hardfacing alloys ZHANG Yanchao，CUI
Li，HE Dingyong，ZHOU Zheng ( College of Materials and Sci-
ence Engineering，Beijing University of Technology，Beijing
100124，China) ． pp 89 － 92，104

Abstract: Fe-Cr-C based hardfacing alloys were produced
by the CO2 gas shielded welding process utilizing the flux cored
wires of 1． 6 mm in diameter on low-carbon steel substrates． The
hardfacing alloys contained the carbon contents in the range of 1．
0% -3． 0%，chromium contents of 15% -25%，boron contents of
0% -2． 0% ． The effects of boron carbide contents on the micro-
hardness and wear resistance of the hardfacings were studied．
The results show that the hardness increased from 57． 1 HＲC to
65． 2 HＲC as the boron contents reaches up to 2． 0% ． Compared
without boron addition，the hardness increases by 14． 2% times．
The relative wear resistance increases from 3． 5 to 18． 0 times．
By using of the optical microscope ( OM) ，scanning electron mi-
croscope ( SEM) and X-ray diffraction ( XＲD) ，the microstruc-
tures and distribution of carbides in the matrix were investigated．
The microstructures of metallic matrix are composed by ferrite，
austenite，( Fe，Cr) 7C3，Fe2B，etc． The additions of boron car-
bide in the wires can improve the microstructure of the matrix of
the hardfacing alloys and the quantities of the carbides． The dis-
tribution of ( Fe，Cr) 7C3 particles are uniformly dispersed．

Key words: Fe-Cr-C hardfacing alloys; flux cored wires;
microstructures; wear resistances

Effect of heat inputs on low temperature toughness of F550Z
steel welding joints YAN Keng，YE Fengyu，LIU Wei
( Provincial Key Lab of Advanced Welding Technology，Jiangsu
University of Science Technology，Zhenjiang 212003，China) ．
pp 93 － 96

Abstract: Effect of different heat inputs on microstructure
and low temperature toughness of 550 Mpa offshore steel welding
joints was studied． The experimental results indicate when the
heat input is 15 kJ /cm or 50 kJ /cm，the welding metal experi-
ence the effect of heat treatment，and the microstructures are ac-
icular ferrite and fine granular dispersed carbides，especially
when the heat input is 50 kJ /cm． In the impact test at -60 ℃，
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