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Abstract: - As for high air power plasma cutting power supply, the employed chopper type DC-DC converter needs 
to adopt two kinds of magnetic components, including mains frequency step-down phase-shifting transformer 
(Hereinafter referred to as power transformer ) and smoothing reactors. Because the power level is larger and the 
design needs to be optimized, the resultant total losses of magnetic components will reach several kilowatts or more, 
which seriously affects the overall conversion efficiency. The countermeasure is to select efficient magnetic 
materials and optimize design and manufacturing technique. Meanwhile, it is needed to modify the topology of 
chopper type DC-DC converter and design appropriate switching frequency multiplication modulation algorithm. 
In this paper, at first, a double Buck DC-DC converter in parallel with respective dual power switches is employed, 
in which by using the trapezoidal carrier phase shift driving, the output current ripple frequency multiplied by four 
times at any duty ratio can be obtained, thereby as can reduce the size and heating of smoothing reactors, leading to 
high precision cutting current and improved workpiece cutting quality. Secondly, the core losses of different 
magnetic materials are compared and analyzed, so are the structure of smoothing reactor and step-down 
phase-shifting transformer, winding arrangement and conductor type. On the above basis, the optimization design 
procedure of the power transformer and smoothing reactor is put forward, the optimal design is picked up from lots 
of candidates, which brings about less size and loss as well as high conversion efficiency of the plasma cutting 
power supply. Finally, a smoothing reactor with 1mH inductance and 20kHz switching frequency and a power 
transformer with thin oriented silicon steel sheet and flat aluminum wire and fabricated and tested within the 
production-ready plasma cutting machine, which features maximum output current of 270A, the output voltage of 
150V and the maximum input power of 45kW. The measured results are satisfactory, including the quality of 
cutting current and the quality of the cut workpiece approaching the minimum level of laser cutting. it is proved 
that the proposed switching frequency multiplication modulation algorithm and magnetic design optimization 
method utilized in chopper type plasma cutting power supply are effective and feasible.  

Key-Words: -Plasma cutting power supply, Buck DC-DC converter, Trapezoidal carrier phase-shifting driving, 
switching frequency multiplication modulation, Step-down transformer, Smoothing reactor 
 

1 Introduction 
Known as steel tailor, cutting and welding has 

become the key technology in the field of bridges, 
buildings, machinery, ships, aircraft, railway, 
metallurgy, power generation equipment industry, the 
development of modern industry cann't do without 
cutting device. With the development of international 
economy, it needs to vigorously implement the "to 
cast" principle, which makes the total amount of metal 
plate cutting materials increased year by year, the 
required cutting quality and cutting efficiency are also 
getting higher and higher [1-4]. At present, the metal 
thermal cutting methods mainly include flame cutting, 
plasma cutting and laser cutting. The flame cutting has 
demerits of low speed, rough cutting surface, inferior 
cutting precision. Laser cutting has merits of high 

speed and excellent cutting quality, but the initial 
investment and operating expenses are not afforded. 
Plasma cutting can achieve faster speed, better cutting 
quality and high power level, and its overall cost is 
lower, which is a promising and advantageous cutting 
machine.  

From the beginning of the 1960's, with the 
development of power electronic semiconductor 
devices, plasma cutting technology has made 
continuous and rapid progress, and rectifier based 
power supply has experienced from the past silicon 
rectifier and thyristor rectifier to the modern chopper 
type and inverter type plasma cutting power supply 
[5-6]. As for the chopper type plasma cutting power 
supply, it is characteristic of simple control circuit, 
high switching frequency, high reliability, good 
controllability, so that it is commonly used in the 
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production of more than 20kW plasma cutting power 
supply, ideal for the high power plasma cutting 
applications [7-8].  

As for plasma cutting power supply, there are lots 
of practical considerations, such as how to design 
arc-pilot transformer[9], system control strategy[10], 
power switch design[11] and protection design[12]. In 
addition, as the major passive components, the 
step-down phase-shifting transformer and smoothing 
reactor design should be optimized according to the 
infinite element analysis[13-15], loss model[16-24]  
and planar inductance design[25]. 

In the chopper type plasma cutting power supply, 
high power magnetic components are needed, such as 
smoothing reactor and 380V/220V mains frequency 
step-down phase-shifting transformer (Hereinafter 
referred to as power transformer). Due to the high 
power and high current level, the losses of magnetic 
components will reach a few kilowatts or more, which 
has a serious impact on the power conversion 
efficiency of plasma cutting power. In the smoothing 
reactor design, the loss is mainly decided by the core 
material and wire type. In power transformer design, it 
additionally need to consider the structure and 
connection of transformer windings and to adopt the 
necessary cooling method. 

In view of the fact that connected with the power 
grid, the volume and loss of power transformer can be 
reduced only by optimizing the employed material and 
selected structure. For the smoothing reactor, in order 
to reduce the volume and weight, but to maintain the 
current accuracy, it needs to increase the equivalent 
ripple frequency, it is necessary to improve the 
switching frequency. However merely increasing the 
switching frequency will make the switching loss 
increased dramatically and make aggravate the 
difficulty of heat treatment. In order to solve this 
problem, a new power circuit and the corresponding 
modulation algorithm are needed. 

In this paper, from the point of view of a practical 
45kW chopper type plasma cutting power supply, to 
design optimally power transformer and smoothing 
reactor, aiming to reduce their volume and loss and to 
improve the efficiency. In chapter II, the topology and 
principle of the chopper type plasma cutting power 
supply is briefly introduced, and the trapezoidal carrier 

phase-shifting modulation algorithm is also described 
for two Buck DC-DC converters in parallel with 
respective two power switches. In chapter III, for 
proper selection of appropriate material and structure, 
the influence of different magnetic materials, 
transformer structure, winding arrangement and 
conductor structure on magnetic element 
characteristics are analyzed and compared. In chapter 
IV, the design process of power transformer and 
smoothing reactor are given, and the optimal design 
scheme is picked up from several candidates. In 
chapter V, the satisfactory experimental results is 
provided. 

2  Principle of chopper type plasma 
cutting power supply 
2.1 Selection of topology 

The topology of Buck DC-DC converter is shown 
in Fig.1, where through the step-down power 
frequency transformer, the reduced three-phase AC 
mains is rectified and filtered, and then through the 
power switch chopping, the pulse voltage is obtained, 
and also then through the LC filtering, the stable DC 
current is output and the plasma arc column is formed.  
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Fig.1 Chopper type plasma cutting power supply 

 
In Fig.1, IGBT S1 and freewheeling diode D1 is 

one power device, which can be derived from an 
bridge-arm of IGBT power module, but the gate of the 
high-end IGBT should be always blocked without any 
triggering. 

Because the input power of the concerning plasma 
cutting power supply is 45kW, two Buck DC-DC 
converter output connected in parallel at output, in the 
sharing of system power capacity at any time, which 
can reduce the current stress of the switches and 
improve the stability of the power system.  

After the comprehensive consideration, the power 
circuit shown in Fig.2 is employed as the plasma 
cutting power supply circuit, where the part "1" stands 
for the first Buck DC-DC converter, including two 
pairs of anti-paralleled IGBTs and freewheeling diodes, 
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namely S1 and D1, S2 and D2, input with a DC 
voltage ui1 and output with a DC current iL1. Part "2" in 
Fig.2 stands for the second Buck DC-DC converter, 
including two pairs of anti-paralleled IGBTs and 
freewheeling diodes, namely S3 and D3, S4 and D4, 
input with a DC voltage ui2 and output with a DC 
current iL2. And part  "1" in Fig.2 stands for the 
second Buck DC-DC converter. Part "3" stands for the 
power transformer with two secondary windings of 
WYE connection and DELTA connection. And part " 
4" stands for the workpiece, cutting torch and arc 
ignition device. The synthesized iL1 and iL2 is the 
output cutting current io, which is adjustable 
continuously within the range from tens of amperes to 
260A, according to the type and thickness of the 
workpiece. 

When the maximum output current is less than 
130A, only one of the two Buck DC-DC converters 
operates. And when the output current required is 
greater than 130A, the two Buck DC-DC converters 
operates at the same time. 
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Fig.2 Two channel paralleled plasma cutting power supply 

2.2 Selection of modulation algorithm 
As for the chopping type plasma cutting power 

supply, the input DC voltage of 300V or so, the output 
DC voltage is about 150V, so the maximum duty cycle 
is about 0.5. There are two feasible modulation 
algorithms, depicted as follows. 

Method 1: S1 and S2 are triggered by 
phase-shifting of half switching period, so are S3 and 
S4, and S1 and S3 are also triggered by phase-shifting 
of 1/4 switching period, the duty ratios of S1, S2, S3 
and S4 are equal to the total duty ratio, then the output 
current ripple frequency will be increased by four 
times, but this is only applicable when the total duty 
ratio is less than 0.5. 

Method 2: S1 and S2 are triggered by 
phase-shifting of half switching period, so are S3 and 

S4, and S1 and S3 are also triggered by phase-shifting 
of 1/4 switching period, the duty ratios of S1, S2, S3 
and S4 are equal to half of the total duty ratio, then the 
output current ripple frequency will be increased by 
four times no matter how much the total duty ratio is. 
In this case, the carrier turns out to be trapezoidal 
waveform, and the modulation algorithm is shown in 
Fig. 3. 
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Fig. 3 Driving timing of the four power components 

Output current closed loop control strategy, PI 
control strategy as well as democratic current-sharing 
strategy are utilized in the plasma cutting power supply 
using, as shown in Fig. 4. The reference of the output 
current of each DC-DC Buck converter is half of the 
total output current. In order to eliminate the static 
error and improve the dynamic performance, the 
variable speed PI regulator is introduced. According to 
the deviation of current magnitude and direction, the 
proportion coefficient and integral coefficient varies 
accordingly, which is consistent with the output 
characteristics of the plasma cutting power supply.  
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Fig. 4 Control diagram of the plasma cutting power supply 
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3 Optimization of magnetic
materials and    structures 
3.1 Magnetic materials 

For the high power supply, the magnetic 
components are the essential devices and bear the 
energy transfer, storage and filtering effect. The 
volume and the weight generally accounted for 20% to 
30% of the whole power supply. The total loss 
accounted for about 30%, composed of hysteresis loss 

hP , eddy current loss eP  and residual loss cP , 
which are mainly affected by lots of factors such as 
magnetic material, operating frequency, AC magnetic 
flux density, wave shape, and so on. 
    The magnetic core loss can be calculated by the 
Steinmetz formula under the sine excitation: 

         s acP K f B βα= ⋅ ⋅                 (1) 

where K, α and β are core factors, related to the core 
working conditions, which can be obtained by 
reference to datasheet from core manufacturers or 
through self-testing and curve fitting.  
    The calculation of magnetic core loss under non 
sinusoidal excitation can be separated from the 
empirical formula or based on Fourier series 
decomposition. 

For smoothing reactor, according to core types, it 
can be divided into single magnetic material reactor 
and mixed magnetic material.  

The former core material can adopt high 
permeability material with air gap or powder magnetic 
core, and the latter core material can adopt magnetic 
material mixed with high or low permeability, or 
magnetic material mixed with high permeability and 
permanent material.  

The above four kinds of magnetic materials are 
compared in terms of volume, cost, loss and 
inductance, as shown in Table 1. In the paper, the 
magnetic material with high permeability and air gap is 
selected to design the structure of the smoothing 
reactor.  
3.2 Structure of power transformer  

Due to presence of three-phase rectifier in the 
chopper type plasma cutting power supply and its 
strong nonlinearity and time varying property, the 
rectifier circuit will produce serious harmonic 
pollution in power system and arouse deteriorated 

power factor of the power grid, leading to voltage and 
current distortion as well as the adverse impact on 
other electricity consumers. Phase shifting transformer 
can be designed with increased pulse number on its 
primary side to reduce the harmonic content, which has 
the advantages of simple structure, high reliability, 
which is suitable for high current power supply, high 
voltage inverter and HVDC transmission system. 

The design of phase shift transformer in plasma 
cutting power supply can be divided into two kinds: 
12-pulse phase shift transformer and 24-pulse phase 
shift transformer, as shown in Fig. 5.  

The 12-phase pulse transformer has the 
advantages of simple structure and easy fabrication, 
but the mains side current total harmonic distortion is a 
little large, and THDi is 15.22%. The power factor is 
0.9886⋅cosα, of which the displacement factor is cosα, 
the distortion factor is 0.9886. 

The 24-pulse phase shifting transformer has 
complex winding and wiring, the mains side current 
total harmonic distortion is small, and THDi is 7.5%, 
the power factor is 0.9971⋅cosα, of which the 
displacement factor is cosα, and the distortion factor is 
0.9971.  

 As for the two kinds of phase shift transformers, 
the wire specification, coil and magnetic core material 
consumption are the same, but the 24-pulse phase shift 
transformer winding is not cost-effective. By 
comprehensive comparison, it seems reasonable to 
employ the 12-pulse phase shift transformer. 

     
（a）12-pulse phase shift transformer 

     
（b）24-pulse phase shift transformer 

Fig.5 Design of power transformer 

3.3 Winding arrangement of power transformer 
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The transformer winding arrangement is shown in 
Fig. 6, where "P" stands for the  primary-side winding, 
and "S" is the secondary-side winding. "*" indicates 
the direction of current, flowing in vertically, "·" 
indicates the direction of current, flowing out vertically. 
"H" indicates the magnetic field strength.  

The shown in Fig.6 (a) is the traditional structure, 
where the magnetic field strength of the primary 
winding will increase with the increase of the 
ampere-turn of the coil. The magnetic field strength 
will reach the highest value at the junction of the 
primary and secondary windings, then gradually 
decrease to zero on the secondary-side winding. the 
traditional structure has great proximity effect in the 
windings and has remarkable leakage inductance. 

That shown in Fig. 6 (b) is the sandwich structure, 
the magnetic field strength of the lower winding is half 
of that of the traditional structure. The structure can 
significantly reduce the size of the proximity effect and 
leakage inductance of the winding, and meet the 
appropriate leakage inductance and winding loss 
requirements. Those shown in Fig.6 (c) and 6 (d) are 
the staggered winding method, which can greatly 
reduce the leakage inductance and winding proximity 
effect between the primary and secondary windings. 
That shown in Fig.6 (d) is the non-uniform staggered 
winding, which can keep magnetic field strength only 
1/3 of that for the traditional winding structure, the 
resultant effect is better than that shown in Fig.6 (c). 

In the same manner, by increasing the number of 
the staggered arrangement and the number of the turns 
per layer winding, it also can further reduce the 
intensity of magnetic field winding. However, the 
increased number of the staggered arrangement will 
complicate coil winding process and the parasitic 
capacitor will become larger. As a compromise, 
fabrication process and cost should be thoroughly 
considered. 

 
(a)          (b)  

 
(c)           (d)  

Fig.6 Winding arrangement of power transformer 
(a) Traditional structure; (b) Sandwich structure; (c) Uniform 

staggered structure; (d) Non-uniform staggered 
 

3.4 Wire structure 
When current flows through a coil conductor, Coil 

loss produce ohmic loss, often referred to as the copper 
loss. At low frequencies, the coil loss can come from 
the product of DC resistance and RMS current flowing 
through the coil. But as the frequency increases, the 
AC loss caused by the skin effect and proximity effect 
in the winding increases rapidly, and the calculation of 
AC loss becomes more complicated and need to be 
performed by means of finite element simulation 
software. Working frequency, the distance between 
winding and air gap, the number of distributed air gap, 
wire AWG and other factors will have a direct impact 
on the winding loss, and the suitable winding wire can 
greatly reduce the winding loss. The commonly used 
wire includes round wire, flat wire, copper foil, 
stranded wire, as shown in Fig.7. The relationship 
between the AC resistance and the DC resistance of the 
wire is shown in Table 2 through the electromagnetic 
simulation software MAXWELL.  

             
  (a)copper foil           (b)Round wire 

             
    (c) flat wire            (d) stranded wire 

Fig.7 Structure of wire 
Stranded wire structure is too complex, and 

modeling and calculation by simulation is more 
difficult, so the resistance parameters of the wire 
should step from the experimental measurement  
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results instead of from simulation results. Due to its 
thin diameter and effectiveness against skin effect and 
proximity effect, stranded wire structure has the feature 
of least AC loss and has a wide working frequency 
range. Nevertheless, the relevant process is complex 
and costly. 

Compared with the flat wire, the skin effect of 
copper foil is smaller under certain conditions of 
distributed air gap and number of turns, but the 
proximity effect is obvious. If the number of turns of 
copper foil is increased, AC losses will rise rapidly. so 
it is suitable for the design of magnetic components 
with a low number of turns.  

Round wire has the moderate AC loss, simple 
wounding and the low cost, but this is limited by the 
influence of the maximum wire diameter and skin 
effect. Flat wire has large AC loss, simple wounding 
and the low cost, but the heat dissipation is poor. After 
comprehensive assessment, the smoothing reactor is 
designed by copper foil as a conductor, with moderate 
cost, low AC loss and good heat dissipation. 

4  Design and verification of magnetic 
components 
4.1  Phase shift transformer design 
    The design procedure of the phase shift 
transformer is shown in Fig. 8.  

    The input electrical parameters of the 
phase-shifting transformer are voltage transfer ratio, 
rated current, leakage inductance, etc. where voltage 
level determinate the electrical insulation between the 
primary and secondary winding distance. The selected 
structure parameters as variables in the design 
procedure are the number of turns, magnetic chip 
width, stack thickness, wire diameter, airway distance, 
number of airway. Meantime, cabinet installation size 
limit and temperature rise limit are added to be the 
boundary condition. Through totally scanning variables, 
it can arrive at the lowest loss scheme or lowest cost 
scheme. If taking into account the two goals, the ratio 
of loss to cost aim should be preset in order to take 
compromise.  

Non-oriented silicon steel sheet, oriented silicon 
steel sheet, and amorphous alloy can be utilized as 
magnet core material, and aluminum and copper wire 
can be used as conductor. They all have an impact on 
the cost and the loss. Based on the combinations of 

three magnetic materials and two kinds of wires, to 
calculate the weight, the size and the cost of the 
magnet core, respectively, and to make an analysis and 
comparison, the results are shown in Table 3. It is 
evident that amorphous alloy has a huge advantage in 
terms of the core loss, but the amorphous alloy core 
lamination coefficient and magnetic saturation is lower 
than that of the silicon steel sheet. As a result, 
amorphous alloy transformer leads to large size and 
high cost. 
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Fig.8 Design procedure of phase shifting transformer 

 
When the oriented silicon steel transformer is 

compared with non oriented silicon steel sheet 
transformer, 20% of the cost is in exchange for 
10%~15% of the loss and 10%~15% of the volume. 
When a copper wire transformer is compared with an 
aluminum transformer, 20% of the cost is in exchange 
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for less than 5% of loss and 5%~10% of volume. As a 
comprehensive assessment, aluminum wire and 
oriented silicon steel sheet phase-shifting transformer 
become the candidate. 

4.2 Smoothing reactor design 
The mainly used calculation method of the 

smoothing reactor is AP method. Due to the presence 
of the large DC bias, it should be confirmed that the 
inductance is not reduced at the highest current. In the 
AP method, when the rated current or maximum 
current is substituted into the relevant formula, the 
design error is inevitable. If the substituted is the rated 
current, the reactor inductance cann't meet the 
requirement of the short-term maximum current. If the 
substituted is the maximum current, It will lead to over 
design with large size and high cost. The design flow 
chart of smoothing reactor is shown in Fig. 9. 
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Fig.9  Design flow chart of DC reactor 

 
The input electrical parameters of smoothing 

reactor are voltage level, maximum current, rated 
current, ripple current, working frequency, inductance, 
and so on. The selected structure parameters as 
variables in the design procedure are the number of 
turns, wire diameter, magnetic chip width, magnetic 

chip thickness, air gap length. Meantime, cabinet 
installation size limit and temperature rise limit are 
added to be the boundary condition. Through totally 
scanning variables, it can arrive at the lowest loss 
scheme or lowest cost scheme. If taking into account 
the two goals, the ratio of loss to cost aim should be 
preset in order to take compromise. 

Smoothing reactor inductance is relevant to ripple 
current magnitude and ripple frequency, and the 
inductance is in inversely proportion to current ripple 
amplitude. The following are provided to optimized the 
design of the smoothing reactor in terms of cutting 
current ripple coefficient and frequency. 
    When the operating frequency is kept unchanged, 
the ripple current is inversely proportional to the 
inductance of the smoothing reactor. In theory, the 
smaller the ripple current is, the better the power 
supply characteristic is. Assuming the working 
frequency is 10kHz, the relation of the weight, the size, 
the loss and the cost versus ripple current coefficient is 
shown in Table 4. The bigger ripple current and the 
smaller inductance lead to smaller weight, smaller loss 
and the smaller size. After comprehensive assessment, 
in order to ensure the stable operation of the DC power 
supply, proper increase of the ripple current can 
effectively reduce the weight and volume, loss and cost 
of the smoothing reactor. The plasma cutting power 
supply ripple coefficient herein is set as 5%. 

When the ripple current amplitude is kept 
constant, the smoothing reactor inductance is inversely 
proportional to the working frequency.  

If the working frequency is high, the inductance 
can be reduced, the reactor has the features of small 
volume but large core loss. The high frequency effect 
causes more coil loss. If the working frequency is low, 
the inductance become larger, the reactor has the 
features of less loss but large size. The high frequency 
effect causes less coil loss. 

When the ripple current amplitude is at 5%, the 
increase of working frequency can decrease inductance. 
The relation of the weight, the loss and the size versus 
the working frequency is shown in Table 5. Obviously, 
the higher the operating frequency is, the smaller the 
inductance is, the lighter the smoothing reactor is, the 
lower the loss is, and the smaller the size of the 
inductor. The current ripple frequency is relevant to the 
switching frequency, and the switching frequency is 
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subject to transferred power level (switching loss and 
on loss), IGBT's switching speed, etc. the proper 
switching frequency range is 5kHz~20kHz.  

Comprehensively evaluated and optimally 
selected results are listed below: the switching 
frequency is 20kHz, the inductance is 1.0mH, the 
weight of coil is 1.6kg, the weight of the magnetic core 
is 27.1kg, DC loss of the coil is 163.3W, AC loss of the 
coil 1.7W, the core loss is 32.5W, the size (not 
including mechanical part) is 156 x 144 x 222mm.  
    Compared with the 2mH and 10kHz scheme, the 
total loss is reduced by 37.2%, the total weight is 
reduced by 29.5% and the overall cost is reduced by 
29.2%. 

5 Experimental results and analysis 
According to the above described optimization 

design method, the overall plasma cutting power 
supply is shown in Fig. 10(a) , its power circuit in Fig. 
10(b), the smoothing reactor in Fig.10(c), and the 
phase-shifting transformer in Fig.10(d). 

           
 (a) power appearance     (b) power circuit  

           
 (c) Smoothing reactor    (d) phase shift transformer 

Fig.10 Parts of plasma cutting power supply 
 

Two paralleled Buck DC-DC converters are used 
as the power circuit of the plasma cutting power supply. 
The main circuit parameters are listed as follows: the 
AC input voltage is three-phase 380V, the phase 
shifting transformer is 380V/(220V+220V), the 
maximum output DC current of each Buck DC-DC 
converter is 135A, the total maximum output current 
270A, the rated output voltage is 150V, the 
peak-to-peak value of ripple current is less than 10A at 

the maximum load, the switching frequency is 20kHz, 
the smoothing reactor is 1.0mH, the mains side 
filtering reactor is 0.5mH, the mains side 
WYE-connected filtering capacitor is 2.2µF/275V, the 
electrolytic capacitor is 4*6800 µF/450V. IGBT power 
module is SKM300GB063D, the driver is HCPL-316J, 
and the controller is DSP F28335. Three electric fans 
are used to dissipate out the internal heat, which can 
lower the ambient temperature of the phase shift 
transformer, smoothing reactor and IGBT power 
module. 

During the arc-piloting process, the waveforms of 
output voltage and output current are shown in Fig.11. 
During the starting process, the waveforms of the 
output voltage and the output current are shown in 
Fig.12. During the cutting process, the waveforms of 
the output voltage and the output current are shown in 
Fig.13. The electrical test results are satisfactory, 
proving the overall design is practical and 
cost-efficient. 
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Fig.11 Waveforms of output voltage and output current when 

arc-piloting 

 
Fig.12 Waveforms of output voltage and starting current when 

starting 
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Fig.13 Waveforms of output voltage and output current when 

cutting 

6 Conclusions 
On the basis of theoretical analysis of modulation 

algorithm and control strategy of two Buck DC-DC 
converters in the chopper type plasma cutting power 
supply, the optimization design method of smoothing 
reactor and the phase-shifting transformer are 
discussed, the design process and experimental results 
are also given finally. The following conclusions can 
be drawn: (1) Trapezoidal carrier modulation algorithm 
and carrier phase shift driving can be used in the two 
Buck DC-DC converters. The total output current 
ripple frequency can be multiplied by 4 times at any 
duty cycle of power switches, which can effectively 
improve the accuracy of the cutting current and 
improve the cutting quality; (2) As for the smoothing 
reactor, in the premise to ensure the ripple current and 
cutting quality, the switching frequency can be 
appropriately increased in order to reduce the 
inductance, the volume and the weight, the optional 
switching frequency range is 10kHz~20kHz, the 
inductance is 1.0mH or so. It is an option to design 
planar inductor, and it can further reduce the copper 
loss; (3) As for phase shifted transformer, it is needed 
to comprehensively assess the cost, the size and the 
power consumption, magnet core material can be thin 
oriented silicon steel sheet, flat aluminum wire is 
available, space between winding layers can be 
reserved for ventilation and heat dissipation. 
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Table 1 Comparison of magnet core materials and structures 

Structure High permeability magnetic 
material with air gap 

Magnetic powder 
core 

Magnetic material mixed with 
high and low permeability 

Magnetic material with high 
permeability and air gap 

Volume Low Large Medium Low 

Cost Low Medium Medium Vast 

Loss Medium Medium Low Large 

Inductance Linear Non-linear Non-linear Linear 

 
Table 2  Relationship between AC resistance and DC resistance of conductor 

Conductor DC loss (W) AC loss (W) Total loss (W) Rac/Rdc 

Copper foil 296.3 2.6 298.9 28.4 

Round wire 298.9 6.5 305.4 69.4 

Flat wire 289.0 13.7 302.7 152.1 

Stranded wire 293.4 0.9 294.3 10（Estimated） 

 
Table 3 Scheme Comparison of aluminum and copper wire phase shifting transformer 

Wire material Aluminium wire Copper wire 
Core 

material 
Wire 

material 
Non oriented 

silicon steel sheet 
Oriented 

silicon steel 
sheet 

Amorphous 
alloy 

Non oriented 
silicon steel 

sheet 

Oriented 
silicon steel 

sheet 

Amorphous 
alloy 

 

Weight(kg) 
Coil 45 42 48 57 53 85 

Core 191 143 169 204 158 154 

Total 286 231 264 319 253 286 

 

Loss(W) 
Coil 1422 1340 1535 1397 1361 1618 

Core 300 143 28 278 146 23 

Total 1723 1483 1562 1675 1507 1641 

Size (mm) 580×410×590 550×410×560 610×430×600 550×440×550 520×410×530 570×410×590 

Copper and iron cost 
(RMB) 3403 4092 12584 4081 4858 13475 

 
Table4  Scheme comparison of fixed working frequency 

Current 
ripple 
factor  

Inductance 
 (mH) 

Winding 
weight(kg) 

Magnet core 
weight 

(kg) 

Total 
weight(kg) 

Winding loss 
 (W) 

Magnet core  
loss  
(W) 

Total  loss  
(W) 

Outline dimension  
(mm) 

0.5% 20 10.4 512.7 523.2 1046.3 0.3 1046.6 416×404×498 
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1.0% 10 6.5 264.1 270.7 655.7 6.8 662.4 328×342×384 

2.0% 5.0 4.3 133.0 137.3 433.2 11.4 444.6 242×302×305 

3.0% 3.33 3.8 72.2 76.0 387.1 12.6 399.7 182×288×245 

5.0% 2.0 3.0 37.7 40.7 298.9 16.0 314.9 164×196×224 

 
Table 5  Scheme comparison of fixed ripple current coefficient 

Frequency 
(kHz) 

Inductance 
(mH) 

Weight of 
coil 
（kg) 

Weight of 
mag. core 

(kg) 

Total weight 
(kg) 

Loss of coil 
(W) 

Loss of mag. 
core 
(W) 

Total loss 
(W) 

Outline 
(mm) 

5.0 4.0 4.2  87.7  91.9  422.3  13.1  435.3  204×285×262 

7.5 2.67 3.3  57.8  61.1  331.1  25.2  356.3  182×234×242 

10.0 2.0 3.0  37.7  40.7  298.9  16.0  314.9  164×196×224 

12.5 1.6 2.4  36.8  39.1  238.3  21.9  260.2  160×191×222 

15.0 1.33 2.0  35.9  37.8  197.7  28.8  226.6  156×186×222 

17.5 1.14 1.8  30.9  32.6  179.0  36.2  215.2  156×162×222 

20.0 1.0 1.6  27.1  28.7  165.0  32.5  197.5  156×144×222 

22.5 0.89 1.6  21.2  22.8  163.8  30.6  194.4  148×130×222 

25.0 0.8 1.5  19.1  20.7  154.4  32.2  186.6  148×119×222 
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