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Delay and Decoupling Analysis of a Digital Active
EMI Filter Used in Arc Welding Inverter
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Abstract—Arc welding inverter supply with switch and digital
control is widely used, due to the advantages of high controllabil-
ity, small size, and high efficiency. With the constant increasing
of switching frequency and decreasing of arc welding machine
size, the conducted electromagnetic interference (EMI) becomes
serious, especially for common mode (CM)-conducted EMI. Mean-
while, as the development of digital processing technique, digital
active EMI filter (DAEF) technology, which uses digital control
and embedded mode, has become a hot research topic. However,
the conventional DAEF fails to consider time delay effect. Its model
cannot accurately describe DAEF filtering behavior. Moreover, de-
coupling circuit lacks scientific design method. To cope with these,
this paper proposes a precise DAEF model which considers both
the time delay of digital processing portion and the parasitic pa-
rameters of passive components. Moreover, based on impedance
matching principle, a detailed and scientific design method of de-
coupling circuit is put forward. Meanwhile, the arc welding in-
verter system with embedded DAEF is designed, modeled, and
compensated. Finally, experiment results show that the proposed
precise model can predict the system filtering performance accu-
rately. And the proposed design method of decoupling circuit is
very effective to suppress the CM-conducted EMI. The embedded
DAEF can improve system stability and dynamic performance.

Index Terms—Common mode (CM) conducted electromag-
netic interference (EMI), decoupling, delay model, digital active
embedded, EMI filter, EMI.

I. INTRODUCTION

HE arc welding machine with switching power conver-
T sion and digital control is a hot research pot in current
arc welding technology field [1]. It is now developing toward
the direction of digitalization and intelligentization. This brings
forward higher demands for arc welding inverter supply, such
as stable control capability [2], [3], flexible dynamic response
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ability [1]-[4], good electromagnetic interference (EMI) per-
formance [5]-[7], etc. With the constant increase of switching
frequency and decrease of arc welding machine size, EMI issue
has inevitably become a serious problem [8], [9], especially for
common mode (CM)-conducted EMI. CM-conducted EMI not
only pollutes public power grid, but also influences the operation
of surrounding electronic devices. What is more, the stability
and reliability of arc welding inverter itself can also be affected.

In the face of those serious EMI problems, the task of EMI
minimization method becomes more and more overwhelming.
To suppress conducted EMI, the most generally used method is
to set EMI filters. Traditional EMI filters can be divided into:
passive EMI filter (PEF), active EMI filter (AEF), and hybrid
active EMI filter (HAEF).

PEFs are widely used for their simplicity and reliability
[10]-[18]. However, they suffer from such disadvantages as
bulky, heavy, unacceptable component loss, and poor high-
frequency performance. These make them difficult to satisfy the
critical design requirements of power electronics equipment.
AEFs make use of closed-loop control by EMI sensing, reverse
amplification, and injection with high flexibility [19]-[25]. They
overcome the drawbacks of size and loss relative to PEFs. But
due to the limitations of gain bandwidth, AEFs are not good at
suppressing high-frequency noise and high amplitude current
noise. On considering the features of PEFs and AEFs, HAEF
is introduced to make a full use of both passive filtering com-
ponents and active amplifying circuit [26]-[31]. However, gain
bandwidth problem still exists. It is difficult to obtain better
suppression results in a wide frequency range. Moreover, the
additional voltage supply of amplifier is still an application bot-
tle neck to be considered. Nevertheless, these contributions are
very important to power electronics and EMI research. It is
widely believed that this line of research has not yet reached its
majority.

As well known, with the improvement of digital process-
ing technique, such as high speed and high precision field-
programmable gate array (FPGA), analog-digital converter
(ADC), and digital-analog converter (DAC), the dream of using
digital active EMI filter (DAEF) technique to reduce conducted
EMI has come to true. The concept of DAEF was first proposed
in 2012 by Queen’s University, as stated in [32]. It is an AEF
using digital signal processing technique. Since the signal is no
longer traditional analog one, the reconstruction procedure can
be more accurate with various digital control methods. More
importantly, it opens up a new idea which uses digital active
controller to suppress the conducted EMI.

See http://www.ieee.org/publications_standards/publications/rights/index.html for more intormation.
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Fig. 1. Proposed DAEF control system embedded in arc welding inverter.

In the past few years, the effectiveness of DAEF had been
verified in photovoltaic grid-connected inverters [33], electric
vehicle converters [34], and other switching power converters
[35]. A scheme, which can selectively suppress the CM and
DM EMI in accordance with the actual situation of CM EMI
and DM EM]I, is reported in [36] and [37]. DAEF forms a
digital closed-loop control system through sensing EMI, ADC
sampling, digital compensation computing, DAC output, and in-
jection EMI cancelling. However, there are still some problems
existing in these DAEF technologies. First, traditional model
neglects the influence of time delay (digital processing por-
tion) on EMI filtering performance. It cannot accurately de-
scribe the behavior of DAEF filters. Second, the decoupling
mechanism between sensing point and injection point is not
clear. Therefore, the decoupling circuit lacks scientific design
method.

On considering the above-mentioned problems, a precise dig-
ital active EMI filtering model to reduce CM-conducted EMI
of arc welding inverters is proposed in this paper. The main
contributions of the digital active filtering method are listed as
follows.

1) An embedded DAEF precise model is proposed. The
model considers both time delay of digital processing
portions and parasitic parameters of passive components.
And the time delay impact on EMI filtering performance
is analyzed in detail.

Based on impedance matching principle, decoupling
mechanism between sensing and injection point is pro-
posed. And a detailed and scientific design method of
decoupling circuit is put forward.

A digital control system of arc welding inverter embed-
ded a DAEF controller is designed. And the control sys-
tem stability and dynamic performance of the arc welding
inverter is analyzed.

2)

3)

_____________ current control swstem

The proposed DAEF controller has some advantages as
follows.

1) The proposed embedded DAEF precise model can accu-
rately describe the DAEF filtering behavior, due to si-
multaneously considering parasitic parameters and delay
effect.

There is only a single-turn inductor in the main power
circuit of the proposed decoupling circuit. And there is no
other component in series with the power circuit of arc
welding inverters. Therefore, the size and loss of the arc
welding inverter embedded DAEF can be reduced a lot.
The proposed DAEF controller not only can selectively
suppress the CM EMI and DM EMI, but also can ef-
fectively prevent interconversion between CM and DM
interference.

Since the DAEF is embedded in the inverter, the control
system performance of arc welding inverter is improved
in high frequency.

This paper is organized as follows. Section II presents the
embedded DAEF precise model with time delay and the par-
asitic parameters. Then arc welding inverter control system
model with embedded DAEEF is derived. Section III analyzes
delay effect of the embedded DAEF controller. Section IV pro-
poses a scientific design method for DAEF decoupling circuit.
Section V designs a compensator of the arc welding inverter
with embedded DAEF. Experimental results are presented and
discussed in Section VI. And then, some main conclusions are
given in Section VII.

2)

3)

4)

II. PROPOSED DAEF CONTROL SYSTEM EMBEDDED IN ARC
WELDING INVERTER

The DAEF control system embedded in arc welding inverter
is shown in Fig. 1. The controller of DAEF is embedded in the
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Fig. 2. Control signal flow direction diagram of arc welding inverter control
system with DAEF.

digital controller system of arc welding inverter. DAEF is set in
the front of arc welding inverter to suppress the conducted EMI.

A. DAEF Topology and Principle

As shown in Fig. 1, the circuit topology of proposed em-
bedded DAEEF includes six classes: EMI sensing circuit, EMI
injection circuit, ADC sampling circuit, DAC output circuit,
digital controller, and decoupling circuit between the injection
point and sensing point. For L line and N line of power supply,
the suppressing principles of conducted EMI are same. EMI
sensing circuit, which consists of a resistor and a capacitor, ac-
tually is an RC high-pass filter and senses the conducted EMI
signal generated by arc welding inverters. And EMI injection
circuit actually is a low-pass filter and it injects the EMI signal
reconstructed by digital controller to cancel EMI noise source.
ADC sampling circuit transfers the sensed EMI signal to digital
signal for DAEF controller. DAC output circuit transfers the
reconstructed digital EMI signal to analog EMI signal. ADC
and DAC generally need high sample rate to improve data con-
version accuracy in high-frequency band. DAEF controller is
embedded in the digital controller of arc welding inverter. It
can not only save total cost of power converters, but also easily
implement coordinating and flexible control strategy of DAEF.
DAEF controller usually uses FPGA as a control unit, which
programs with hardware description language and has parallel
processing ability, so it can improve system rapidity and filtering
performance. The decoupling circuit reduces the high-frequency
coupling between sensing point and injection point to improve
filtering performance.

The signal flow direction of embedded DAEF control sys-
tem is shown in Fig. 2. EMI sensing circuit picks up conducted
EMI signal Vzgymr and Vygar from L and N power line for
ADC sampling circuit. ADC sampling circuit acquires sensed
conducted EMI signals V7 gyt and Vgwmi, and transfers them
to digital signals for DAEF controller. DAEF controller recon-
structs sensed digital EMI signals to generate EMI injection
signals for canceling EMI source at a certain control algorithm
by programming. And controller outputs them to DAC output
circuits. DAC output circuit transfers reconstructed EMI sig-
nal to a 0-20 mA EMI signal I gy (Iyvemi) which can can-
cel 120 dBpV EMI noise source. The I7 gyt (Invgmr) cancels
the EMI signal on L (N) power line generated by arc welding
inverters as EMI noise source through EMI injection circuit.
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Fig. 3. Control block diagram of embedded DAEF control system.

B. Proposed Embedded DAEF Precise Model

The feedback system diagram of embedded DAEF is illus-
trated in Fig. 3. X (s) is EMI noise generated by arc welding
inverters, and is picked up from L (N) power line. X’(s), which
is based on sensed EMI noise Y (s), is the injection EMI noise
sent by DAC to cancel noise source X (s). Y(s) is EMI noise
canceled by X'(s) to X (s) through decoupling, and it flows to
power grid by conducting mode along L (N) power line. It is the
ideal aim to make the Y'(s) equal to zero.

So, the closed-loop system transfer function of DAEF can be
written as

) 7(s)
1 — H(s)Gap(8)Gc (5)Gpa(s)L(s)J(s)’

The filtering performance of embedded DAEF is badly af-
fected by the time delay of digital processing portion and the
parasitic parameters of passive components, especially in the
high-frequency band. Only considering these two factors can
the precise model of embedded DAEF accurately describe the
filtering behavior of DAEF. So, for ADC sampling circuit, DAC
output circuit and digital controller, their delay characteristic
should be considered; for the model of EMI sensing circuit, EMI
injection circuit and decoupling circuit, their high-frequency
parasitic parameters should be considered. In this section, tak-
ing the embedded DAEF system on L power line, the precise
model of embedded DAEEF is built.

Digital processing portion of DAEF includes ADC sampling
circuit, DAC output circuit, and digital controller. Every circuit
has its delay time. The time ¢5pq is delay time of ADC sampling
circuit. And it is a nonlinear function about sampling voltage
V. It can be described as

ey

Gparr(s)

tADd Vo — Vo) 2
where Kap is a constant that depends on the device or process
parameters and the capacitive loading of the gate. The value of
a (1.5-2) also depends on process technology. V4, is threshold
voltage. And V; is sampling signal voltage [38], [39]. For DAEF
control system on L power line, V; = Vygui. So, considering
delay time tapg, the transfer function Gap(s) of ADC sampling
circuit of DAEF can be expressed as

_s_ KapVrEMI
1 rv
—st VieMmI-V.
(1 e ADd) — LEMIVin

1
G pr—
ap(s) = 7 Ty

1+e

3)

where Ty, is sampling period.
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Generally, DAC is a zero-order holder. When considering the
delay time and nonlinear portion of DAC output circuit, the
transfer function Gpa (s) of DAC can be expressed as

D,on(s)B(s)

S

Gpa(s) = 4

where D,p, (s) is the transfer function of zero-order holder [34],

[35], B(s) represents the delay time and nonlinear portion, and
can be described as
e*StDAd
B(s)= —— 5
(5) = 1 ©

where tpag is DAC delay time and pa iS a constant about
nonlinear portion [40]. Therefore, by replacing B(s) in (4) by
(5), the transfer function Gpa(s) of DAC with delay time and
nonlinear characteristic can be expressed as

Dzoh (S)G*StDAfl
s(1 4+ mas)

Digital controller of DAEF compensates EMI signal at a cer-
tain control algorithm by programming. The compensator usu-
ally is designed based on the system index requirement. In this
paper, an inverted proportional compensator is selected. Fur-
thermore, the run time 7.,, of program cannot be ignored. So,
the transfer function G¢ (s) of DAEF digital controller with
delay time can be described as

Ge(s) =

where K is a proportional coefficient, and 7, is delay time
introduced by digital controller program [41].

EMI sensing circuit actually is an RC high-pass filter, and
its high-frequency equivalent model of L power line is shown
in Fig. 4(a), where R¢, and L¢, , respectively, are equivalent
series resistance (ESR) and equivalent series inductance (ESL)
of the capacitor Cy,, and where L, and Cr, , respectively, are
ESL and equivalent parallel capacitance (EPC) of the resistor
Ry.. So, the transfer function H (s) of EMI sensing circuit with
parasitic parameters can be expressed as (8) shown at the bottom
of this page, where wyen = 27 fyen = ﬁ is the corner fre-
quency of high-pass filter. According to the standard CISPR11

1, fsen should be 150 kHz to pick up EMI noise signal above
150 kHz.

EMI injection circuit is an RC low-pass filter. Its high-
frequency equivalent circuit model of L power line is shown
in Fig. 4(b), where R¢,, and L¢,, , respectively, are ESR and
ESL of the capacitor Cj,, and where Lp,, and Cp,, , respec-
tively, are ESL and EPC of the capacitor R;;. The capacitor
C;1, of EMI injection circuit mainly prevents the 50 Hz current

GDA(S) = (6)

_Ke $Tcon (7)

6713

Fig. 4. High-frequency equivalent circuit model: (a) sensing circuit, (b) injec-
tion circuit, and (c) decoupling circuit.

and its harmonic current on L (N) power line from destroying
DAC sampling circuit. Because the value of capacitor C;j, is in
nF level, it shows high impedance of M(2 level for the 50 Hz
current as well as its harmonic current. So, the transfer func-
tion L(s) of EMI injection circuit with parasitic parameters can
be expressed as (9) shown at the bottom of this page, where
Winj = 27 finj = o C is the corner frequency of low-pass fil-
ter. According to the standard CISPR11 [45], finj should be
30 MHz to inject EMI noise below 30 MHz.

The decoupling circuit is located between the injection point
and sensing point, and single-turn inductor is used to be as
decoupling component. Its high-frequency equivalent circuit
model on L power line is shown in Fig. 4(c), where RLJ , and
C Lips respectively, are ESR and EPC of the inductor L;;,. The
inductor L7, mainly reduces the coupling between EMI sensing
point and injection point. The transfer function J(s) of decou-
pling circuit with parasitic parameters can be expressed as

Lirs+ Rp.
J(s) = JLS T M : (10)
OLJ'L LJ‘LS2 + RLjL CLJ'L s+1
Therefore, by replacing Gap(s), Gpa(s), Ge (s), H(s), L(s),

and J(s)in (1) by (3), (6), (7), (8), (9), and (10), respectively, the
transfer function Gpa gy (s) of embedded DAEF precise model

LRsLCRsLS -+ RSL 2+S

H(s) =

(LCSLCRSL + LRSLCRSL)SS + (RCsLCRsL + %) 2+ ( - + QL + 1) S + Wsen

®)

LC[L ORIL 5%+ (RCIL CRiL
L(s) =

i)+ (G

Lo ) 5+ g

(LRxL CRiL + LC/’L CR{L )53 + (R

Cip CR:L + RiL L

©)

>52+ ( o

3 +%+1)s+wmj
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DAEEF precise model and traditional model.

with time delay, parasitic and nonlinear characteristics can be
obtained.

The frequency-response curves of the closed-loop transfer
function of DAEF precise model and traditional model with-
out parasitic and delay characteristics are shown in Fig. 5,
where Wyen = 27 fen = 1/ Ry Cyp. = 2 x 150 x 10?, the cor-
ner frequency of L(s):winj =27 finj = 1/R;irCip =27 X
30 x 10°. The Lj; of J(s)is 0.63 pH. K =1, 7oon = 0.3 ns,
the sampling rate of ADC and DAC are all 1G SPS, the maxi-
mum of T, is 1 ns. tpag = 0.8 ns, taps = 1 ns, 7pao = 0.2 ns.
The horizontal axis represents the frequency range (150 kHz to
30 MHz), and the vertical axis represents amplitude and phase
of the closed-loop transfer function of the embedded DAEF. The
whole curves show the changing of the amplitude and phase of
the closed-loop transfer function of embedded DAEF with fre-
quency. Meanwhile, these curves also reflect attenuation perfor-
mance of the DAEF to EMI noise. For example, at the frequency
point of 2 MHz, DAEF with precise model can reduce the EMI
noise to 30 dB, but will not change the phase of the EMI noise. In
Fig. 5, the traditional model curve shown by the black solid lines
is based on the principle and equation presented in [35]. On the
whole, Fig. 5 shows that the attenuation performance of DAEF
precise model is lower than traditional model. This attenuation
performance only reaches —30 dB in the middle-frequency band,
and is far weaker in low-frequency and high-frequency band.

C. Data Conversion Resolution Design of DAEF

The attenuation performance of embedded DAEF control sys-
tem is also directly affected by data conversion resolution of
ADC and DAC. If the data conversion bits are not enough, al-
though the EMI noise source fluctuates in unallowed range, the
EMI injection signal output by DAC has no any change, and
cannot cancel this unallowed fluctuation. It can reduce the at-
tenuation precision of DAEF. So, in order to ensure that the
minimum resolution of ADC sampling is better than the re-
quested error of filtered EMI noise, the minimum bits of ADC
sampling can be described as

an

V max
kmin = INT |:10g2 A‘/i:l(\iMH]
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Fig.6.  Control system diagram of arc welding inverter with embedded DAEF.

where V4 max 1S the allowed maximum input voltage of ADC;
AVgr is the requested error of filtered EMI noise; H is the
sensing gain of filtered EMI noise, it actually is the ratio of
reference voltage Vs to the emission standard limits V4 of
conducted disturbance.

Based on the standard CISPR11 [45], the emission standard
limits V;q of conducted disturbance is selected as 46 dBuV.
In order to ensure the reliable attenuation performance of
DAEF system, one thousandth of V4 is selected as AVgy,
s0, AVgyt = 0.001 x 46 dBuV = 0.2 V. Thus, the value of
the minimum bits of ADC sampling is computed by

V:zd,max

loggy—————| =11 12
089 AVer: X H} (12)

kmin =INT |:
where Vg max 18 3 V; H = Vier /Veq = 2/46 dBpV = 10 000.
So, in this paper, the bits of ADC and DAC should be selected
12.

D. Arc Welding Inverter System With Embedded DAEF

As shown in Fig. 1, the arc welding inverter system with em-
bedded DAEF includes three major parts: main circuit for power
conversion, DAEF control system for suppressing conducted
EMI, and constant-current control system for ensuring weld-
ing performance. The signal flow direction of output constant-
current control system is shown in Fig. 2. The output current
signal I, is sensed by hall sensor, and output voltage signal
V.5 1s obtained by resistance divider. The controller samples /4
and V¢ to make pulse width modulation (PWM) signal to con-
trol dc/dc full-bridge converter by constant-current algorithm.
So, the control system diagram of the arc welding inverter with
embedded DAEEF is shown in Fig. 6.

In Fig. 6, Gpagr(s) is the transfer function of embedded
DAEF with time delay, parasitic and nonlinear characteristics
described in Section B. G;(s) is the transfer function of dc/dc
converter with full-bridge inverter and full-wave rectification
using current-controlled mode, and it can be derived as

Vb !
n CyLiRps* + Lys+ Ry

Gi(s) = (13)
where Vp is the front-end rectifier voltage, n is transformer ratio.
C'y and Ly, respectively, are the filtering capacitor and filtering
inductor of rear-end rectifier. Ry, is the equivalent resistance of
load.

H,(s) is transfer function of time delay in arc welding inverter
control system. It can be expressed as

Hy(s)=e¢ T (14)
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where 7; is delay time constant of the arc welding inverter
control system.

Kapc(s) is transfer function of ADC of arc welding inverter.
And its transfer function can be expressed as

2m

X e*TADCS
VietADC

Kapc(s) = (15)

where Vier_apc is reference voltage of A/D converter of current
sampling, m is the bit of A/D converter, and 7y pc is delay time
constant of the A/D converter.
Kpw 1s the gain of PWM control. And it can be expressed
as
op
ﬂw

where 1§, is switching period of the switching tube, and p is
the bit of counter register.

Hy.y, () is the transfer function of current sensor, and consists
of sensor gain K., and a first-order RC filter. It can be expressed
as

(16)

Kpwn =

KSGII

= — 17
1+ Tres an

H, sen (S )
where sensor gain K., can be determined by turns ratio and
second site resistance, and 7rc is time constant of RC filter.

So, the open-loop transfer function of discrete control model
of arc welding inverter power supply system with DAEF can be
expressed as

Tuncom_op_i = Hd : KPWM . Gz ' GDAEF ' Hsen . KADC~ (18)

III. DELAY EFFECT ANALYSIS OF EMBEDDED
DAEF CONTROLLER

For further analyzing delay time effect on filtering perfor-
mance, using MATLAB software, with different delay time,
DAEEF system frequency-response curves can be obtained by
simulation. DAEF compensator selects inverse proportional
controller of —100. The total delay time of DAEF is set in accor-
dance with different type ADC and DAC with 12 bits resolution.
The case of 0 ns represents the ideal case in which the ADC and
DAC have no delay time.

In condition with different delay time, the frequency-response
curves of the closed-loop transfer function of DAEF sys-
tem can be shown in Fig. 7(a). In this simulation, the
corner frequency of the transfer function H(s) of EMI sens-
ing circuit: weey = 27 fyen = 1/Re.CsL = 27 x 150 x 103, the
corner frequency of L(s) : winj = 27 finj = 1/R;ip Cip, = 27 X
30 x 10%. The L;;, of J(s) is 0.5 yH. K = 200, the sampling
rate of ADC and DAC are all 1G SPS, the maximum of T§, is
1 ns, Tpa = 0.2 ns. The set delay time is a total value of t5pg,
tpad, and Teon, and is 0, 0.5, 1.5, 2.5, 3.5, and 4 ns, respectively.
The magnified detail chart is shown in Fig. 7(b).

As can be observed in Fig. 7, with the delay time increasing,
the magnitude of DAEF frequency-response curves rises from
—46 to —39 dB. So the attenuation ability of DAEF gradually
decreases. There is no effect on phase in middle and low fre-
quency. When delay time is less than 4 ns, in the frequency
range of 150 kHz-30 MHz, DAEF system is stable. But when

6715
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Fig. 7. Frequency-response curves of the closed-loop transfer function of
DAEF with different delay time: (a) tendency chart and (b) detail chart.
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Fig. 8. Frequency-response curves of the closed-loop transfer function of
DAEEF with 0 and 4.5 ns delay time.

delay time is set to 4.5 ns, the attenuation ability of DAEF obvi-
ously declines, especially in middle- and high-frequency band,
as shown in Fig. 8. In Fig. 8, the solid lines represent the ideal
case without delay time; red-dotted lines represent the case with
4.5 ns delay time. So, with the delay time increasing, the fil-
tering performance of DAEF gradually weakens. When delay
time reaches at a certain value, the DAEF system tends to be
unstable.
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For the simulation and analysis of delay effect of DAEF, it
not only helps to analyze system stability and attenuation ability
of DAEEF, but also helps to find the maximum total delay time.
And then, the simulation also helps to allocate the delay time of
every single processing stage in DAEF system.

For reducing or controlling the delay time in DAEF system, up
to now, the most straightforward method is to raise the sampling
rate of ADC and DAC. Moreover, another effective method
is to increase the crystal oscillation frequency of the digital
controller. As far as possible, DAEF uses FPGA controller,
which programs with hardware description language and has
parallel processing ability. Therefore, it can also increase system
processing speed and decrease the delay time. In general, these
methods are all based on the choice of hardware devices. It will
inevitably increase the cost of DAEF to a great extent.

For compensating the delays of DAEF system in digital con-
trol way, a strategy can be considered. It is based on the period-
icity of conducted EMI emission of arc welding inverter. On the
one hand, at the time scale of sampling period, sampling and
cancellation of EMI noise are implemented. On the other hand,
at the time scale of switching period of power converters, the
closed-loop compensation of conducted EMI is implemented.
Thus, it will be implemented in different time scales. This strat-
egy may be an effective measure to solve the bottleneck that the
delays of DAEF affect the DAEF filtering effect.

IV. DESIGN AND ANALYSIS OF DECOUPLING CIRCUIT

In order not to weaken the DAEF advantage in decreasing size
and loss, the inductor of decoupling circuit cannot cascade to
main power circuit of inverters. So, the single-turn inductor is the
best choice as a decoupling inductor. The design of decoupling
inductor is based on decoupling mechanism analysis. Hence,
design of impedance, design of core formula, and determination
of core size are three key issues.

A. Decoupling Mechanism Analysis

The decoupling mechanism analysis is based on impedance
matching principle. The equivalent impedances around decou-
pling circuit all need to be analyzed and obtained. The equivalent
impedance diagram around decoupling circuit in the arc welding
inverter system with DAEF is shown in Fig. 9.
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Fig. 10.  Input impedance measurement setup circuit of arc welding inverter

[42].

As seen in Fig. 9, Z; is the equivalent impedance of decou-
pling circuit; Zg is the equivalent impedance viewed from sens-
ing point M to power grid to ground. Because of the existence of
LISN, Zs is approximately equal to 50 2. Zp is the equivalent
impedance viewed from sensing point M to EMI sensing circuit
of DAEF to ground. In the high-frequency range, Zr is approx-
imately equal to the impedance of resistance R (Rsy). ZIn
is the equivalent impedance viewed from injection point N to
EMI injection circuit of DAEF to ground. In the high-frequency
range, Z1y is approximately equal to the impedance of resis-
tance R;;, (R;n). Z¢ is the equivalent impedance viewed from
injection point N to arc welding inverter.

According to the principle of impedance matching, the equiv-
alent impedance Z; of decoupling circuit should present high
impedance for arc welding inverter and EMI injection circuit in
the whole frequency range. So Z; should satisfy (19). Similarly,
the equivalent impedance Zg should present high impedance
for decoupling circuit and EMI sensing circuit in the whole
frequency range. So Z; should also satisty (20)

Zo - 21N

Zy >> 7, N = —— 19

J c//Zix Ze & 7 (19)
Zy- I

Lg>> L]0 = ——>. 20

5 7//Zr 7, 7 7 (20)

The impedance range expression (21) of Z; can be derived
from (19) and (20)

Zc - Z1N
Zo + Zin

Zs - Lt

<< L5 << =
J Zr — Zs

ey

B. Impedance Design of Decoupling Inductor

A simple circuit model about measurement of input
impedance curve of arc welding inverter has been built, as shown
in Fig. 10 [42]. It uses the two-probe approach. The two-probe
approach to measure input impedance of arc welding inverter,
consists of an injecting current probe, a receiving current probe,
and a vector network analyzer [42]-[44]. Port 1 of the vector
network analyzer generates an ac signal into the circuit through
the injecting probe, and the resulting signal current in the circuit
is measure at port 2 of the vector network analyzer through the
receiving probe.
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inductor.

So, the impedance Z curve of arc welding inverter as inter-
ference source can be obtained. The Z- curve views from the
input port to load of arc welding inverter, as shown in Fig. 11.

The impedance Z¢ of arc welding inverter is shown in Fig. 11,
Zin 1s approximately equal to the impedance of resistance R,
(R;n)- So the impedance curve of % can be obtained, and
is shown in Fig. 12. Zg is approximately equal to 50 €2, and
Zr is approximately equal to the impedance of resistance Ry,
(Rsn)- So the impedance curve of % can be obtained, and
is also shown in Fig. 12.

As seen in Fig. 12, and also according to (21), the impedance
curve range of decoupling inductor should be in between
the ZZ T5 ;ZZTS curve and ZZ( ‘ +ZZ’1\\ curve. Based on the impedance
curve range of decoupling inductor shown in Fig. 12, it can be
determined that the impedance curve of decoupling inductor is
set to 50 €2 in the whole frequency range, as shown by red line,

i.e., ZjL (ZJ'N) =50 Q.

C. Core Formula Design of Decoupling Inductor

Due to better performance of Ni-Zn ferrite for suppressing
EMI in the high-frequency range, so, in this paper, the Ni-Zn
ferrite is selected as the core material of decoupling inductor.
The Ni-Zn ferrite core can be operated at the frequency range
of 100 kHz—140 MHz, based on the formula of NiO and ZnO.

There is a direct relationship between the formula ratio of
FeyO3: NiO: ZnO and the operating upper cutoff frequency
of Ni-Zn ferrite core, as well as relative permeability . The
common relationship list between formula ratios of Fe, O3: NiO:
ZnO and upper cutoff frequency is shown in Table I.
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TABLE I
RELATIONSHIP BETWEEN NI-ZN FERRITE FORMULA AND RELATIVE
PERMEABILITY, CUTOFF FREQUENCY

Fe2 O3 : NiO : ZnO s Cutoff frequency/MHz
50.3:17.5:33.2 320 10
50.2:24.9:24.9 150 30
50.8:31.7:16.5 85 75
51.6:39.0:9.4 44 140

In the standard CISPR11 [45], the frequency range of con-
ducted EMI test standard is 150 kHz—-30 MHz, so the Ni-Zn fer-
rite core formula with upper cutoff frequency 30 MHz should
be selected, i.e., the core formula with Fe;O3: NiO: ZnO =
50.2:24.9:24.9 is determined. Referring to Table I, the relative
permeability p, of determined Ni-Zn ferrite core is set to 150.

D. Core Size Determination of Decoupling Inductor

The relationship between decoupling inductance value
L1 (Ljn) and its size parameters such as cross-sectional area
A¢, and core length h can be described as

pAc
h
where p is the permeability of decoupling inductance core.
Because ji, = 150, = p, - fio = 150 x 47 x 1077 = 1.88 x
1074
The cross-sectional area Ax of decoupling inductor can be
expressed as

Lip(Ljn) = (22)

AC:gX(D—d).

By substituting (23) into (22), L1, (L;n ) can be derived as

(23)

Lit (L) = 5(D = d). 24)
According to the standard IEC 62317-12 [46], the ratio of
outside diameter and inside diameter of ring cores is D/d =
1.67, and The ratio of length and inside diameter of ring cores
is h/d = 0.67.
On the other hand, L; (L; v ) also can be expressed as

Zir(Zin)
27rfCCD

where Z;;(Z;n) is the equivalent impedance of decoupling
inductor on L line (N line), is set to 50 €2 in the whole frequency
range in Section C, as shown in Fig. 12; f.., is the center
frequency of filtering frequency range, and it takes 1 5 MHz.
According to (24) and (25), the core size parameters can be
obtained: D = 14.04 mm, h = 5.63 mm, and d = 8.41 mm.

Ljr(Lijn) = (25)

V. COMPENSATOR DESIGN
A. Control System Performance Analysis

As described in Section II, the open-loop transfer func-
tion of digital control model of arc welding inverter power
supply system with DAEF can be expressed as (18). So, the
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Fig. 13.  Open-loop bode plots of arc welding inverter system with DAEF.

Fig. 14.
controller.

Control system diagram of arc welding inverter with compensation

open-loop bode plot of arc welding inverter under the uncom-
pensated condition can be shown in Fig. 13 by dotted lines.

As can be observed in Fig. 13, magnitude margin of the un-
compensated system is —41.1 dB, phase margin is —16°, and the
system is unstable, therefore a compensation controller needs to
be designed for arc welding inverter system.

B. Compensator Design

This paper adopts a double-pole double-zero compensating
network to compensate arc welding inverter system, and its
transfer function can be expressed as

Kp (TAS + 1)(T228 + 1)
s(Tpis+1)(Tpes + 1)

where K, is direct voltage gain. The double-pole double-zero
compensating network can produce two zero points —1/7; and
—1/T.5 in the left half of S plane, and can produce two pole
points —1/7),; and —1/7),,

The control diagram of arc welding power source control
system after compensation is shown in Fig. 14.

So, the open-loop transfer function of arc welding inverter
power supply system with compensator can be expressed as

Teomopi = Geoe - Hg - Kpwat - Gi - Gpagr - Heen - Kapc.
(27)

Gee(s) =

(26)

The open-loop bode plot of the arc welding power system with
compensator can be shown in Fig. 13 by the solid lines. As can
be seen in Fig. 13, after compensation, magnitude margin of the
system is 20.5 dB, phase margin is 64°, and the system is stable.
Comparing with the bode plot of uncompensated system in
Fig. 13, stability of the compensated system has been increased.
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DAEF and with DAEF.

Its magnitude margin has an improvement of 61.6 dB, and its
phase margin has an improvement of 80°.

C. Control Performance Simulation Verify

DAEEF control system not only controls the conducted EMI,
but also affects the performance of power control system of
arc welding inverters. The open-loop bode plots of arc welding
power system without DAEF and with DAEF are shown in
Fig. 15 by the dotted lines and the solid lines, respectively.

As can be seen in Fig. 15, the magnitude margin of the com-
pensated arc welding system without DAEF is 7.3 dB, and its
phase margin is 20°; the magnitude margin of the compensated
arc welding system with DAEF is 20.5 dB, and its phase mar-
gin is 64°. So, comparing with the bode plot without DAEF in
Fig. 15, stability of the system with DAEF has been increased.
Its magnitude margin has an improvement of 13.2 dB, and its
phase margin has an improvement of 44°. It shows that DAEF
improves the arc welding system performance.

The closed-loop step response curves of the arc welding
power system without DAEF and with DAEF are shown in
Fig. 16 by the dotted lines and the solid lines, respectively.
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TABLE II
PARAMETERS OF THE FABRICATED DAEF PROTOTYPE

Circuit Symbol Model and Manufacturer
Parameters
Sampling ADC ADS4229, 12bits, Texas Instruments
250MSPS, 2 channels
DAC DAC5662A, 12bits, Texas Instruments
275MSPS, 2 channels
Sensing Ry /Cy 880 Q/0.1 uF ROHM
Ryn /Csn 880 Q/0.1 uF ROHM
Rejection Ri1/CiL 48 Q/1 nF ROHM
Rin/Cin 48 Q/1 nF ROHM
Decoupling Lz /Ljn 0.63 uH TDK

Ascanbe seen in Fig. 16, the overshoot of arc welding inverter
system without DAEF is 53.7%, while its overshoot with DAEF
decreases to 14%. Comparing with arc welding inverter system
without DAETF, its rising time with DAEF becomes longer, but
its settling time with DAEF can be reduced slightly. This shows
that dynamic performances of the system with DAEF have been
improved as a whole.

From the above, it can be seen that adding DAEF control
system in arc welding power supply system not only improves
system stability, but also improves the dynamic performances.

VI. EXPERIMENTAL RESULTS

A. Experimental Platform Setup

In order to verify the accuracy of the proposed DAEF pre-
cise model and rationality of decoupling method, a 4 kW high-
frequency arc welding inverter prototype has been fabricated
with the following specifications:

1) input voltage: U;,, = 220 V;

2) output power: Py, =4 kW;

3) output voltage: V,,; = 20 V;

4) output current: I,y = 200 A;

5) switching frequency: f, = 20 kHz.

The control system algorithm is implemented using the FPGA
controller. The EMI control of DAEF and the constant-current
control of arc welding inverter share the FPGA controller. Be-
cause the filtered EMI frequency reaches up to 30 MHz, a high-
speed and high-precision ADC and DAC are needed to sample
and convert the EMI signal. Meanwhile, the resistors and ca-
pacitors in DAEF are expected to be noninductance or smaller
parasitic resistor and noninductance or smaller parasitic capac-
itor. The components are used to implement the DAEF control
system are given in Table II.

The complete system test platform according to the standard
CISPR 16-1-1[47], CISPR 16-1-2 [48], and CISPR 16-2-1 [49],
is depicted in Fig. 17. In this test platform, the LISN is R&S
ENV216 to pick up the EMI signal from L line and N line;
the EMI receiver is R&S ESL3. The standard CISPR11 [45]
describes the applicable limits for measurement.

B. Filtering Effect Test

CM-conducted EMI voltage in arc welding inverter system
is the average of the conducted EMI voltage on L line and N

6719

mﬂ .
inverter
B E W DAEF Controllor eyis
= ™ -
-

o N

i

z EMI_sens_e&_
injection circuit

|
PN

Fig. 17.  Arrangement and apparatus of conducted EMI test platform.
1 MHz | | 10 MHz
90 dBjline-QP | :
- IE‘LL;ne AV
QP

70 dBuV-—

=

3
it
=

—_— Wflthout EMI filter
e IItl'-l PEF
—— With DAEF

Stop 30.0 MHz

10 dBpV

Start 150.0 kHz

Fig. 18.  CM-conducted EMI spectrum of arc welding inverter without EMI
filter, with PEF, and with DAEF.

line. The first test was performed without any EMI filters in
the arc welding inverter system. The resulting CM spectrum
is shown by green curve in Fig. 18, in which the red straight
line indicates CM-conducted EMI emission limits line in the
standard CISPR11 [45], and there are quasi-peak limits line and
average limits line. From Fig. 18, without EMI filter, an average
peak of 48 dBpV can be seen, with the highest peak of 79 dBuV
at around 0.98 MHz.

The second round of testing was conducted with PEF installed
in the arc welding inverter system. The result is reflected by red
curve in Fig. 18. So, with PEF, an average peak of 37 dBuV
across the spectrum (150 kHz to 30 MHz) can be observed, with
the highest peak of 59 dBuV at 0.98 MHz.

The last test was done with the proposed DAEF embedded in
the arc welding inverter system. In this test, the decoupling
circuit is designed using the proposed method described in
Section IV. The resulting CM EMI spectrum is depicted by blue
curve in Fig. 18. So, with PEF, an average peak of 33 dBuV
across the spectrum (150 kHz to 30 MHz) is obtained with the
highest peak of 51 dBxV at 0.99 MHz.

Fig. 18 shows that the CM-conducted EMI spectrum sig-
nificantly exceeds the both standard limits of CISPR11 [45]
when without any EMI filter. From Fig. 18, it can be seen
that the PEF and DAEF both can greatly decrease the CM-
conducted EMI spectrum generated by the arc welding inverter
below the standard limits. And it can be obtained that the EMI
filtering performance of DAEF is equal to or better than the
one of traditional PEF, across the frequency range of 150 kHz
to 30 MHz.
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C. Delay Characteristics Test

For further verifying delay time effect on EMI filtering per-
formance, the delay time is introduced in the proposed digital
DAEEF controller. The CM-conducted EMI spectrum with DAEF
of 0.5 ns delay, 2.5 ns delay, and 4.5 ns delay is shown in Fig. 19.

As can be observed in Fig. 19, with the delay time increasing,
the filtering performance weakens. When the delay time reaches
to 2.5 ns, the CM-conducted EMI spectrum exceeds the standard
average limits of CISPR11 [45], especially in middle-frequency
band (0.8—1.5 MHz). When the delay time reaches to 4.5 ns, the
CM-conducted EMI spectrum not only significantly exceeds
the both standard limits of CISPR11 [45] across the frequency
range of 150 kHz to 30 MHz, but also exceeds the EMI spectrum
described by green curve in Fig. 18 without any EMI filter in
individual frequency band, which shows the DAEF system has
tended to be unstable.

D. Decoupling Method Test

For verifying the effect of decoupling circuit in DAEF on
EMI filtering performance, one test was performed with DAEEF,
but without decoupling circuit. The resulting CM-conducted
EMI spectrum is shown by red curve in Fig. 20. From the
red curve, an average peak of 38 dBuV can be seen, with
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(b)

Fig.21. Transient response curves of arc welding inverter system: (a) without
DAEEF and (b) with DAEF.

the highest peak of 59 dBuV at around 0.98 MHz. Another
was performed with DAEF and with decoupling circuit. The
resulting CM-conducted EMI spectrum is shown by blue curve
in Fig. 20. By comparing red curve without decoupling cir-
cuit with blue curve with decoupling circuit, it can be ob-
tained that decoupling circuit can improve the DAEF filtering
performance.

E. System Dynamic Performance Test

The dynamic performance of the arc welding inverter system
can be revealed by the step response on the load. Fig. 21(a) and
(b) shows the system transient responses to a step load change
without DAEF and with DAEF, respectively. The load changes
first from 75% to 50%, then from 50% to 75%.

As can be seen in Fig. 21, when with DAEF, the dynamic
performance of the arc welding inverter system can be improved,
the overshoot of the system decreases from 46% to 14%, and
the settling time is also reduced.

VII. CONCLUSION

In this paper, an improved digital active filtering method
has been demonstrated as being a valid EMI suppression tech-
nique for arc welding inverters. Meanwhile, this paper builds
an embedded DAEF precise model, which considers both
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the time delay of digital processing portion and the parasitic
parameters of passive components. Based on impedance match-
ing principle, decoupling mechanism between sensing point and
injection point has been explored. And a detailed and scientific
design method of decoupling circuit has been put forward. The
designed decoupling circuit is implemented by a single-turn
inductor which does not cascade in power circuit. Moreover,
a digital control system of arc welding inverters embedded a
DAEF controller and its compensator both have been designed.
And the control system stability and dynamic performance of
arc welding inverter has been analyzed. Finally, experimental re-
sults show that the proposed embedded DAEF precise model can
describe DAEF filtering behavior accurately. And the proposed
design method of decoupling circuit can effectively improve fil-
tering performance of DAEF. Both simulation and experimen-
tal results show that the embedded DAEF can improve system
stability and dynamic performance.

The proposed improved digital active filtering method not
only can selectively suppress the CM EMI and DM EMI, but
also can effectively prevent interconversion between CM and
DM interference. Compared with the traditional PEFs, the pro-
posed DAEF has equal or better filtering performance. But more
importantly, because the proposed design method of decoupling
circuit has no component in series with the power circuit, the
size and loss of DAEF can be reduced a lot.
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