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Analysis of a DC converter working on a plasma arc

Introduction. The article is devoted to the analysis of a stabilized direct current converter operating on a plasma arc. Electroplasma
technologies of the new generation cause the need to design workable systems that provide control of technological processes and
their dynamic optimization in real time. The improvement of any electroplasma technology begins with the improvement of the
operating parameters of the main element of plasma installations - the power source. Goal is to build and study a continuous model
of a pulsed source of secondary power supply, which works on an electric welding and plasma arc. Methodology. In the work, a
mathematical description of the converter was performed. The continuous model of the system is substantiated, taking into account
its features, namely, the load (gas-discharge gap) is a source of voltage and dynamic resistance. The parameters of the constant part
during circuit synthesis are determined: the components of the gain of the constant part, the relative signal coefficient of the current
sensor and the PWM gain. Studies of the open system «power source - arcy have been carried out. Results. MATLAB objects were
created - continuous mathematical models of the object in the form of transfer functions. The obtained transient characteristics for
different options: «arc current - control signaly and « inductor current - control signaly showed that open systems are unstable. It
was found that in the case of instability, the filling frequency of self-oscillations occurring in the linear mode is close to the frequency
of natural oscillations of the circuit. The dependence of the module and the argument of the input resistance of the power part of the
pulsed power supply with parallel capacitance to the electric arc and without it, which have matching frequency characteristics, is
established. The circuit considered with the initial data adopted in this article has a frequency transfer coefficient of the same type as
the first-order non-minimum-phase (phase-shifting) link. Frequency response graphs for the output impedance of the power unit
show that this power unit is a broadband frequency-selective system with a bandwidth of By 7y; = 100 kHz. Originality. Expressions
for the frequency transfer function, input and output resistance of the pulse voltage converter operating on an arc load were obtained
by the method of averaging and linearization. The frequency amplitude and phase characteristics for the pulse voltage converter with
an LC filter and the output according to the arc current and the choke current were studied. The transfer functions of the continuous
model in terms of arc current and choke current at the specified parameters are the same, which must be taken into account when
designing regulators. Practical significance. The frequency characteristics of the input and output resistances and transfer functions
can be used when forming a technical task for designing a power source to assess the stability of the «pulse converter - arcy system
and rational calculation of input filters. References 22, tables 1, figures 7.
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B pobomi nposedeno ananiz cmabinizoeanozo nepemeopiogaya nocmiliHo2o Cmpymy, wo npayioc Ha naasmosy oyzy. O6rpynmosano
be3nepepsHy Mooensb cucmemu 3 ypaxyeanuam ii ocoonueocmeil. Busnaueni napamempu He3MIHHOI yacmunu nio Yac auanisy cxemu
3amiujeHHs 3aMKHYMOI CMpYKmMypu cucmemu eieKmpodlcusients Ons 0y208020 HABAHMAdICEHHs i3 6i0 eMHUM OugepenyianoHum
onopom. IIposedeni docniddicennsn posimMKHymoi cucmemu «0dicepeno JHCUgients - oyea». Bemanosneno, wjo posensnyma cxema 3
BUXIOHUMU OAHUMU, NPUUHAMUMY @ OAHIll CMAmmi, MA€ YACMOMHUL KoepiyicHm nepeoayi maxKoeo Jic 6udy, wo i HeMIHIMATbHO-
@aszosa nanka nepuiozo nopaoky. Ompumano 4acmommi Xapakmepucmuku 6XiOH020 Ma BUXIOHO20 ONOpIé Nepemeopiosayd,
Hasanmaoiceno2o Ha dyey. bion. 22, tabn. 1, puc. 7.

Kniouosi cnosa: BxXinumii Ta Buxiguuii onip, gineTp, iMmneganc, cucrema cradijaizauii, crilikicTs, KOMIUIEKCHe HABAHTAKEHHS.

Introduction. In today's advanced fields of science,
technology and industry, electroplasma and welding
technologies are widely used, which use low-temperature
plasma (devices with negative differential resistance). A
large class of such devices is DC plasmatrons.
Plasmatrons are most often used for cutting materials,
heating gas, as plasma ignition systems in the combustion
chambers of gas turbine engines for various purposes, etc.
[1-3]. Here we should also mention plasma melting,
strengthening of metals, plasma chemistry, special
metallurgy, solving environmental problems, obtaining
new clean materials, applying films and coatings by the
vacuum-plasma method, etc.

The improvement of any electroplasma technology
must begin with the improvement of the operating
parameters of the main element of plasma installations —
the power source, which is achieved by designing and
constructing its main nodes. Thus, the study of a DC
converter operating on a plasma arc is not only of
practical, but also theoretical interest, as well as an
important and relevant scientific and applied problem.

Two classes of models are used for the analysis of
processes in pulse power converters — key (simulation)
and continuous [4-7]. Continuous (averaged) ones became
the most widespread during the analysis of the stability of
closed stabilization systems taking into account pulse

energy converters and the synthesis of regulators of these
systems [4-7].

Note that the differential resistance of the arc Ry
depending on the location of the operating point on one or
another section of the arc volt-ampere characteristic can
take on zero, positive, and negative values. It is in the case
of finding the operating point on the falling section of the
arc volt-ampere characteristic that the converter, taking into
account the behavior of the object, forms a system with
negative resistance. The behavior of such systems is
significantly different from the systems described in the
literature under constant load. Instabilities and self-
oscillating modes may occur in a system with negative
resistance [8]. Self-oscillations, as a rule, have negative
consequences: deterioration of the quality of the
technological process, reduction of productivity, etc.

The study of systems with negative R is of not
only practical, but also theoretical interest [8]. It is
appropriate to study the peculiarities of the dynamics of
open systems. This makes sense not only because of their
wide application in practice, but also because, on simple
examples, we can learn the used analysis method and
show the influence of certain external feedbacks on the
dynamic properties of a closed system compared to an
open one.
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The complexity of the nonlinear discrete model of
the pulse converter (its exact mathematical model), which
works on a non-linear load, makes the analysis of the
latter in an automatic current stabilization system (closed
control system) extremely difficult [5]. At the same time,
works [1, 5, 6] show that when the commutation period 7'
(T—0) decreases, nonlinear pulse systems approach linear
continuous systems in terms of properties [1, 5].
Considering the high switching frequency of modern
converters for electrical technologies, the task of building
their limit continuous models turns out to be very
promising. Averaged models are the most convenient for
practice, as they allow applying well-developed methods
of analysis and synthesis of linear continuous systems to
nonlinear discrete systems.

When designing key power sources, continuous
linear models of pulse converters are widely used [1, 5].
Their averaged models are substantiated and widely used
in various works.

In [9], for example, continuous linearized models of
basic converters are given. The method of their
construction is based on the assumption that the choke has
no active resistance. In addition, the used approach does
not allow taking into account the output resistance of the
power source, the filter at the input of the converter, etc.

In works [4, 5], the need to take into account the
active resistance of the choke circuit during the analysis
and synthesis of pulse converter control systems is
indicated.

Structural dynamic models of DC pulse converters
operating on a complex load with and without taking into
account the choke resistance are substantiated, for
example, in works [4-7].

In [8], the general issues of power supply and
interaction of an electric arc from a current-controlled
voltage source and a voltage-controlled current source are
considered.

In [10], a power source with a current characteristic,
which is made according to the following block diagram,
was investigated: an AC source — a transformer — a
rectifier — an inductance connected in series with an arc
resistance.

Since the pulse converter working on an arc load is
not sufficiently studied in the literature, the task of this
article is to build a continuous model of the converter and
to study the peculiarities of its operation.

Next, an attempt is made to perform an analysis
using a simple continuous model of the converter, which
takes into account the active resistance of the keys, the
choke and the output resistance of the power source and
operating on an arc load. It is assumed that the adjustment
of the output parameter is carried out using PWM-2.

The goal of the article is to build and study a
continuous model of a pulse source of secondary power
supply, which works on an electric welding and plasma arc.

Mathematical description of the converter.
Replacing circuit of the power supply system for an
electric arc load, which includes a loaded LC filter, a
correction device (CD), a modulator (M) implementing
PWM-2, a pulse converter (PC), which forms pulses with
the amplitude of the supply voltage nU,, at the input of
the filter and duration, which is determined by the

switching function kz of the modulator, and sensors of
voltage VS and current CS with &k, and Rqy coefficients,
respectively, is shown in Fig. 1, where, for commonality,
the resistance R connected in parallel with the capacitor C
of the output filter is shown.
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Fig. 1. Replacing circuit of the closed structure of the
power supply system for arc load with negative differential
resistance

In Fig. 1: i is the current source considered as a
disturbance (change) in the load current. The resistance ry
includes both the output resistances of the converter and
the rectifier, as well as the ohmic losses of the filter
choke. Here, the losses resistance may depend on the
frequency [11-15]. The load (gas discharge gap) is the
series-connected voltage source U, and dynamic
resistance Rggo.

The converter on the circuit is presented in the form
of a power four-pole with an information controlled input
(Fig. 1) [5, 16], where n = wy; / w; = way / wy. The
transmission coefficient of the modulator PC, which in
our case is defined as kq(?), if the error signal does not
depend on time, is determined by the relationship:

k PWM = T / U m»
where U, is the amplitude (range) of the fractional
function (sawtooth voltage), T is the sweep period.

Usually R >> ry (in particular R is missing, i.e.
R—o).

Denoting by Z,(s) the operator resistance of the
parallel connection of C and R;p:

Z,(5) == Ryigro L~ SRyygroC)=— Ryiro /(- 5 +1), 7> 0,
we obtain the following expression of the transfer
function (TF) of the output LC filter in terms of voltage:

KoL) 26
Ziy(s) ry+sL+Z,(s)

=k (s°k fLC +S(L/(rs = Ryigro) + RogC) + 1) =

_ ky _ ks
T2 428 Tps+1 TP +ap) + o]

where 7 = R;C > 0 is the time constant of the circuit of
the output capacitor; R, = s || (—Raipo); kr= —Raigo/(—Raigo +
+ rg) > 0 is the transmission coefficient of the DC filter;
Zi,(s) is the input operator resistance of the regulator at
R = o in the continuous current mode; 7y and ¢ are the
time constant and damping coefficient of the filter,
defined as
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Tf :"kaC, éf 251“(/{(}’2 C/L+R

diff 0

1 1
:E kf(l/Q+ds):5,[kf(d,.+ds), afsz/Tf,

of =\/1/T} —ay =\/w§—a} ; @p =1/(k;LC),
where Q:L L/C =p/rsis the Q factor of the LC
Ty

filter without taking into account the attenuation
introduced by the resistance R and regeneration;

dy =—SgyrNL/C is the regeneration introduced into the

circuit by a load (electric arc); d, =rsvC/Lis the
damping introduced into the circuit by resistance;
p =~L/C is the characteristics of the circuit forming the
filter; d = d, + d; is the complete fading (regeneration) of
the circuit; Sz = 1 / Rgypo is the differential steepness of
the arc volt-ampere characteristic.

For the circuit in Fig. 1 equation that determines the

current in the filter choke 1~L will be as follows:
Z(s)i, = nDiiy +nUd + Z,/(5)T —(Z,(5)/ Ryl

where

Ragols2pLC+s — =+ R, C | +1]

Z(s) = Z,(s) rs =Raifro .
K(s) kp(-w+1) ’

the symbol «~» shows an infinitesimally small change of

the variable with respect to the value in the periodic

mode; d = 2t,/ T is the filling factor; D is the value of the

filling factor in the steady state (periodic) mode [17-20].

At C =0, the last equation will take the form

. i —ily/ Ryypo + (nD/ Ryygro)ids, + (nUs, | Ryyro)d
L — .
4 SLL/(rs — Rygo)] +1
Having chosen as the output variable the arc current
iae = Iy, which does not coincide with the state variable,

we obtain the transfer functions for the control influence
«arc current — control signal»:

IaNrc(S) =nU,, Z,(s)
d(s) Zi(s)+Z,(s)
and by disturbing influences — the sensitivity of the arc
current to a change in the input voltage u;, and to the
disturbing current i and voltage u:

Sdiﬁr = nU,-nK(s)Sdl-ﬁf .

Tarc( ) . [arc( ) .
ﬁ—s =nDK(s)S gy 5 TS; ==Z1()K($)Saipr ;

in(s

Tarc(s) _
Up(s)

where Zi(s) = Ls + ry is the operator resistance of the
choke circuit.

Determination of the parameters of the constant
part of the circuit. Let's find the components of the gain
factor of the constant part. Having chosen the steepness of
the current sensor Rcs = 0.75 mQ, we determine the CS
relative signal coefficient k; = 82 and the PWM gain

~(sLC +5r5C+DK(9)S i

kpwy /T=FT/U,)U/T)=F/U, =1/25 =0,4B7",
where the ripple factor F is taken equal to 1; U, =2.5V
is the amplitude (span) of sawtooth voltage.
The amplification factor of the constant part at
kr=1and F=1
ko = kikpyarnU;y(Res /= Raigro)/ T =

=-82-250-0,4-75-107 /0,49 = —12,55.

The switching frequency is taken as 26 kHz, the
choke inductance of the output LC filter is L = 300 puH,
and the capacity of the output capacitor, which depends
on the requirements, is C = 3 pF, ry = 0.01 Q,
Rd,-f/() =-049Q [21]

Study of the open system «power source — arc».
Let's create MATLAB objects — continuous mathematical
models of our object in the form of transfer functions
(transfer function form). The answer will be the following
result in the command window (Table 1).

Table 1
Transfer functions of the object
No. Transfer function*

416.4

1 -10 2

9-1077 .57 —0.000612-5 +1

208.2

2

9.10719. 52 ~0.000612 -5 +1
—0.000612 -5 +416.4
9.1071%.52 —0.000612 -5 +1
—0.000306 - 5 +208.2
9.10719. 52 ~0.000612 -5 +1
*options 1, 2 — TF «arc current — control signaly with

kcr = 33.18 and kcg = 16.59; options 3, 4 — TF «choke current —
control signal» with kcg = 33.18 and kg = 16.59.

4

For the TF of object 3-4, the indicators are equal: the
order and the instability index are equal to two n =5, =2,
the degree rc=n—m =2 — 1 = 1, the indexes of aperiodic
and oscillatory neutrality are equal to zero s, = s, = 0, the
index of non-minimum phase s, = 1, the amplification
factor k = kokcg. The assignment of these indicators and
the amplification factor & reflects the essential features of
the TF W(s) and they can be used to characterize certain
properties of the system determined by this TF [22].

Transient characteristics (TC) for options 1, 3 are
shown in Fig. 2. Open systems are unstable s, = 2>0.
Nyquist diagrams for the considered options are shown in
Fig. 3. As shown in Fig. 3, the frequency response never
covers the point —1, jO, so closed systems are also
unstable.

The input resistance of the power part (PP)
according to the diagram in Fig. 1 in operator form

2
Sk pLC+5(=LIR 0 —15)~ Ry C)+1
—1es+1 ’

Zio(s) =~(Ryipro —15)

where ¢ = Ry;50C > 0 is the time constant of the circuit of the
output capacitor; R, = 75 || (=Rago); kr = Raigo / (Rago — 75)
is the transmission coefficient of the DC filter.

It is easy to show that its output resistance is
determined by the expression
sL+ry

LC+5(- LIRygo—15)+ RegC)+1

Zoo(s)=ky 2
s
!
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Step Response
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Amplitude

Time (sec)

x10°
Fig. 2. TC graphs of unstable systems: option 1 (1), option 3 (3)

Nyquist Diagram
T T

Imaginary Axis

Real Axis
Fig. 3. Nyquist diagrams for unstable systems:
option 1 (1), option 3 (3)

Since the losses resistance is quite small, then

s/C
Zyo(s) =—

. 1
N —S/(Rdlﬁr()C)-l-l/(LC) ( )

Noting that, in the general case, 1/ VLC = wy is the
frequency of natural oscillations of the circuit without
losses and & =-0,58;; /C=-0,50pQ 1is the damping
coefficient of the circuit, we rewrite the expression as

follows (here, the main conditions were chosen so that
instabilities could occur)

s/C
Zoo(s) = - (a>0).
s =205+ ay
In this case g :l/\/LC =

=(V/300-107%-3:107)7"=33.33-10° s ' or f; = 5.307 kHz.

Therefore, in the case of instability, the filling
frequency of self-oscillations occurring in the linear mode
is close to the frequency of natural oscillations of the
circuit f;.

If C=0, then

Zo0(5) = sL(~Tloaas +1) ', )
where Tj,00 = L / Ragipn > 0 is the load circuit time constant.

Options (Fig. 4) of the dependencies of the module and
the argument of the input resistance of the PP of the pulse
power supply with and without parallel capacitance to the
electric arc have frequency characteristics (FC) that coincide.

The closeness of FC indicates similarity and small
differences in transient processes according to the main

quality indicators. Thus, the circuit under consideration
with the initial data adopted in this article has a frequency
transfer coefficient of the same type as a first-order non-
minimum phase (phase-shifting) link

Z(jo)=k(zo-1),
where k= Rd,-//'(), t=L/ Rd,-f/() > 0.

Impedance
2000

1500
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Phase (deg)

10 102 10° 104 10° 10°
Frequency (Hz)
Fig. 4. Frequency characteristics of the input impedance of the
PP of the power source loaded on an electric arc,

for C=0and C=3 pF

Frequency response graphs for the output impedance
of the PP, constructed according to expressions (1), (2),
are shown in Fig. 5. Note that for C # 0, this PP is a
broadband frequency-selective system (Bgro07 / fo >> 1)
with bandwidth BO,707 =100 kHz.

Impedance

=)
o

Impedance {ohms)
o ©
L] (5] -

=
o

=]

102 10° 104 108 108
Frequency (Hz)
Phase

-
=)

Phase (deg)

et 102 10° 10* 10° 108
Frequency (Hz)
Fig. 5. Graphs of frequency response (above) and phase

response (below) of the output circuit impedance

Logarithmic characteristics of the module and phase
of the input conductance of the PP of the PC for the case
of the absence of capacitance at the output of the pulse
current stabilizer — unstable with negative self-alignment
of the aperiodic link

Yio(s) =1/ Zio(s) = k(-1 + )" 3)
have been constructed in Fig. 6,a; the Nyquist diagram is
shown in Fig. 6,b. According to (3), the asymptotic
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characteristic has a break at the point w; = 1 / 7.
Bandwidth is 0 — 465 Hz.

Figure 7 shows the frequency response and phase
response of the «power source — arc» system in the open
state.

Bode Diagram
Gm=-6.33dB (at 0 Hz), Pm =613 deg (at 465 Hz)

Wagnitude (dB)

Phase (deg)

Frequency (Hz)

a
Nyquist Diagram

Imaginary Axis

Fig. 6. Modulus and argument of the input admittance of
the PP (a); Nyquist hodograph for this case (b)

Bode Diagram

Magnitude (dB)

Phase (deg)

Frequency (Hz)
Bode Diagram

Magnitude (d8)

Phase (deg)

-360

10’ 10 10 10 10° 10° 0

Frequency (Hz)

Fig. 7. Frequency response and phase response of the open
circuit of the pulse current stabilizer when controlled by the
output current i,,. (1-2) and the choke current 7; (3-4)

From graphs shown in Fig. 7 it can be seen that the
closed system for the considered options will be unstable
(L(a)) > O, ¢margin(w) < 09 L— 0, Pmargin = -51.9°+ 9020):
which introduces additional complications in the
construction of the converter control circuit [21].

From the nature of ¢(w) and A(w) (Fig. 7), it follows
that the construction of closed current stabilization
systems of the considered converter causes difficulties,
since it is very difficult to ensure a sufficient margin of
stability at a high amplification factor in a closed circuit
due to a very rapid increase in the phase shift (the angle
|p| exceeds 180°) with an almost unchanged frequency
response of the converter.

Thus, the considered continuous models can be used
in the process of designing devices based on pulse voltage
converters for loads with negative differential resistance:
sources of secondary power supply, etc., to conduct
research on the main properties of these converters.

Conclusions.

1. Expressions for the frequency transfer function,
input and output resistances of a pulse voltage converter
operating on an arc load with negative differential
resistance were obtained by the method of averaging and
linearization.

2. The transfer functions of the converter with
output by arc current and choke current are not minimally
in phase. This explains the nature of the phase
characteristics of the converter and the complexity of the
synthesis of current regulators for it.

3. The frequency response and phase response for
the pulse voltage converter by arc current and choke
current were studied.

4. The transfer functions of the continuous model by
arc current and choke current at the given parameters are
the same, which must be taken into account when
designing regulators.
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