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Cassie—Mayr Electric Arc Model
for Power Electronics Simulations
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Abstract—This paper presents an electric arc model that can A literature survey of arc modeling work done so far
approximately represent both static and dynamic characteristics jndicated that most models published were not intended for

of an arc load controlled by a power electronic circuit. The = 5nqjent analysis in circuit simulation. These models were
proposed model was developed from the combination and mod-

ifications of the classical Cassie and Mayr equations. The model pOSt_U|ated t_o e_xplain Certair_1 asfpeCtS of the arc phenomena,
equations have been expressed in a form suitable for incorpora- particularly in high-voltage circuit breakers, and they usually
tion into circuit simulators employing the nodal-analysis method require numerical solution of the arc conservation equations
Or: egugtlon_sol_vmg- Tlhe mg_dellhaz begn test-_'mp'erfllemefli N in full differential form [2]-[5]. Solutions of these equations
the Saper circuit simulator. Simulated and experimental results - extremely difficult and costly in terms of computing
appear to be in good agreement. . ’

effort and time, and the required parameters are not easy to
obtain. A SPICE circuit model has been proposed recently to
simulate a simplified voltage—current characteristic of an arc
discharge during the ignition phase. This model is based on
a two-transistor subcircuit that is therefore divorced from any
I. INTRODUCTION considerations of arc physics. It is limited to modeling only the

OMPUTER-AIDED design (CAD) and simulation toolsignition phase of an arc and is hence not entirely representative
are increasingly important in the development of ne®f the dynamic characteristics of an actual arc [6].
power electronic systems. CAD techniques can help to achievel© develop a realistic arc model, it is necessary to adopt
an optimum system design with a reduced engineering e micromodeling approach, where a model is based on the
bor cost compared with the traditional trial-and-error desigthysical processes constituting the phenomena. The model
procedure once suitable models for the system are chosen §i1pu|d consist of mathematical equations formulated from con-
To facilitate the simulation of the operation of a powesiderations of these processes so that the model performance
electronic circuit controlling an electric arc load, such ai§ likely to be more accurate over a wide range of operating
an arc-discharge lamp or arc—plasma reactor, an approprie@aditions. It may require the direct implementation of the
model for the arc load is necessary. Owing to the very complgxodel equations into the source code of the simulator. In
arc phenomena, the relationship between the arc voltage #&@dent years, new versions of some circuit simulators have
arc current is highly nonlinear. Initially, the nonconductingpeen offering flexible ways of incorporating new models.
gas has a very high resistance. This is followed by a negati®&pice, a commercial version of SPICE, permits the insertion
resistance phase during gas breakdown and followed, finalbf,mathematical equations as generalized controlled sources in
by a small positive resistance phase once a stable arc is forntld.circuit under its Analog Behavioral option [7]. Saber offers
Therefore, modeling an arc load as a pure resistance ditesown proprietary analog hardware description language
not provide sufficient accuracy. Circuits such as SPICE awdlled MAST to facilitate the incorporation of new device
Saber simulators, which are widely used in the industry amdodels in the form of templates [8].
academic research centers, do not incorporate any arc modeThis paper presents a model of the electric arc that is
Therefore, it is necessary to consider a practical arc modetmulated from the classical Cassie and Mayr models used
capable of representing both the static and dynamic behavstensively in the past to study the arc phenomena in the
of the electric arc and suitable for use in circuit simulators. high-voltage circuit breakers. The proposed model describes
the arc load as a two-terminal device whose variables are
the arc current and voltage. The model is thus amenable
Manuscript received March 25, 1996; revised November 26, 1996. to Computer_aided circuit ana|ysis as most modern circuit
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In the high-current range, we can let the current density
constant, but assume that the loss is proportional to the cross-
sectional area of the arc, such as might occur with gas flowing
through the arc and removing heat from the entire volume of
the arc. In this case; remains constant, the arc conductance
behaves as

8

g

G i 3

:

and the model presents an acceptable reproduction of the curve
in the high-current region.
The simple heat-loss processes considered so far can satis-
arc in blast factorily account for the static characteristics. To understand
the dynamic characteristics, the heat-loss processes have to be
o . - - - considered in greater detail. The temperature of the arc column
c 50 100 150 200 at high pressure is sufficiently high for thermal ionization to
arc current, A become an important factor in the maintenance of ionization,
as evidenced from the well-known Saha’s equation. The ther-
mal ionization that maintains the arc is established by virtue
o ) ) } ... of the high gas temperature, which, in turn, is established and
the model is discussed in Section V. Experimental verificatiQfzintained by the energy given up by the ions and electrons
of the model is given in Section V1. Future work is brieflyi, cojlision with the gas particles. If the arc current changes

arc voltage gradient, vem™

&

arc in still air

Fig. 1. Staticv— characteristics of arcs in forced and free convection.

discussed in Section VII. abruptly, the arc exhibits a hysteresis effect, i.e., a time lag in
the change in voltage compared to a change in current. This is
[I. ARC CHARACTERISTICS because the arc—plasma conductivity is a function of the gas

Fig. 1 shows typical arc characteristics in a quasi—steaog—mperature' Hence, when the currentundergoe_sapositive rate
state condition. Our literature survey shows that much e f change, the conductance does not change instantaneously

perimental research has been done in the past on the stafice the temperature change has a time lag due to the heat

characteristics. There are numerous factors affecting the cH#Pacity of the gas. The result is a lower conductivity and
acteristics, among which are the type of gas, gas press |(_g,her voltage drop than the steady-state voltage for a given

electrode separation distance, electrode material, and geomgwem'
and position of the electrodes. Nottingham found that an

atmospheric arc of constant length could be represented by [ll. PROPOSEDARC MODEL
an equation of form [9] Careful studies, both theoretical and experimental, have
B shown that the dynamic arc—plasma phenomena are extremely
v=A+ i (1) complex in detail so that complete mathematical models of the

arc comparable in simplicity and accuracy with engineering

for a large number of electrode materials, where= arc models of the connected power electronic circuit are not
voltage andi = arc current. The exponent in this equation possible. However, it has been recognized for many years
was found to depend upon the absolute boiling temper&turenat the relatively simple Cassie and Mayr differential equa-
of the anode and also on the type of gas in which the arc burggn models, based on simplifications of principal power-loss
However, its value cannot be determined with any great degtig@chanisms and energy storage in the arc column, are useful
of accuracy because of the variable nature of the phenomergn 5t |east a qualitative understanding of the phenomena
being studied. determining arc striking or extinction of the energy-balance

The shape of the/— curve may also be explained bytype [11]. An attempt is thus made here to modify and combine
considering the mode of heat loss from the arc [10]. Considgje Cassie and Mayr models to a form suitable for transient-
a very simple arc model, with a constant current density aggcuit simulation.
constant heat loss per unit area of the cylindrical surface ofcassie postulated an arc model that has a constant current
the arc. The circumference of the arc column and, therefoggynsity, so that its cross-sectional area varied directly with the
the heat losss is then proportional to the arc radius. For &yrrent [12]. It also has a constant resistivity and stored energy
constant current density, the arc radius is proportional to thgr unit volume. The air (or other materials) flow penetrated
square root of the arc current. Hence, the relationship betwagg whole cross section of the arc, carrying away heat, and
v, ¢, and the arc conductanc is thus made the dissipation per unit volume constant as well.

1 " With the arc resistancg as the dependent variable, the Cassie
v = and G’ o< vi®. (2) equation is given by

This model gives a shape not unlike the typical characteristics 1dR — 1 <1 _ “_2> (4)
in the low-current range, but not for the high-current range. R dt 0 E§



TSENG et al: CASSIE-MAYR ELECTRIC ARC MODEL FOR SIMULATIONS 431

Header }~——————————1— template name pin1 pin2 = arg1, arg2
Header electrical pin1, pin2
declarations number arg1, arg2
{ # opening brace for template body
Local declarations |—-— branch i1=i(pin1->pin2)
v IParameters seczionj—w- parameters { # parameter assignments
# and argument testing

}

|thlist section }
--— when (expression) { # event-dependent
# assignments and

t— r.r1 pin1 0 = mom=100k

b
Q # scheduling
© }
m .
Values section }———t— values { #val assignments
}
Control section - control_section { # simulator-dependent
# control statements
}
~— equations { # equations describing
} # behavior
} # closing brace for template body
Template sections

Fig. 2. Skeleton template of arc model implemented using MAST language.

where £ is the constant steady-state arc voltage &risl the (A)
arc time constant energy stored per unit volume/energy loss 50
rate per unit volume. This model has a drawback in that the ,5_|
modeled arc could not be interrupted. It, in fact, describes the
behavior of the arc when the current is large.

In Mayr's model, the heat loss is assumed to occur from 35
the periphery of the arc only, and the conductance of the arc 30 -
varied with the energy stored in it [13]. The Mayr equation is

40 -

254
lﬁ:1<1_ﬂ> (5) 207
R dt 0 Po 154
where P, is the constant power loss. In the steady-state 107
condition, when currents and voltages are changing very 54
slowly, vi = FPy. Thus, the steady-state characteristics are
hyperbolic, which is a moderately good representation of the
curves in the low-current range (Fig. 1). This equation does
allow the arc to interrupt since, witR high, vi/ P, can still
be less than unity, so thdiR/dt is positive and the resistanceFig. 3. Effect of increasing the value of paramete.
continues to increase until the arc is extinguished.

In our experience with transient-circuit simulations using t
iterative Newton—Raphson algorithm, convergence proble
are frequently encountered whenever the value of resista 2e ] i

vt

of any circuit element converges to a very small value during G=—g—0—" (6)
any of the iterations. Therefore, we proposed to use the arc Eg dt

Y

0 20 40 60 80 100 120 140 (V)

%onductance? as the dependent variable insteadfoflt can
8 shown that the original Cassie equation can be transformed
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Fig. 4. Effect of increasing the value of paramef®y. Fig. 5. Effect of increasing the value of paramefgr
and the original Mayr equation transformed to model is given by
2 2
G = %-9%. (7) o = exp <—;—g> (10)

It can be seen that (6) and (7) are consistent with the cor(gnere 7, is the transition current. When currentis small,
sponding static relationships given by (3) and (2), respectivefpe value ofs is closed to unity ands is dominated by

As the Mayr equation is more valid for zero and Iow-currermayr conductance?,;. Wheni is large,o is negligible and,
regions while the Cassie equation is more representativetﬁérefore,g is now dominated by Cassie conductarte.

higher current regions, it is proposed here that an arc may by addition, there has to be a finite though very small amount
simulated by the combination of (6) and (7). It is assumegt conductance between any two electrodes when the arc is
here that the value of,, now termed as the arc-dampingapsent. The value of this constafit,,;,, would depend on the
function, is common to both equations. It is defined as thfstance between the electrodes, geometry of the electrodes,

ratio of instantaneous energy stored per unit volume to e of gas, and temperature. The complete model is thus
instantaneous energy loss per unit volume. Its effect on tBﬁlen by

transient-arc behavior is analogous to that of the damping

factor used to characterize the mechanical system behavior. G =Gt |1—ex _ﬁ vt
One way of combining (6) and (7) into a single model is I P I2)| E?
to define a transition curred} such that the arc conductance 2\ 7 2 dG
is given by + {exp <_I_§>} B 'w (11)
vi , dG L and
G_E_g_eﬁ7 |fL>IO i = (. (12)
i2 dG o . . L
G= T 0 e if ¢ < Ip. (8) Equations (11) and (12) are amenable to implementation in
0

industrial standard-circuit simulators such as SPICE and Saber.
However, this leads to a lack of a defined derivative at theln the most general formf should be a function of
transition point between the two equations, which can giac currenti. This is because when an arc is striking or
rise to a host of convergence problems in circuit-transieaktinguishing, the energy stored per unit volume would be
simulation. To allow smooth transition between (6) and (7arge compared with the energy loss per unit volume. However,
it is possible to define a transition factet(¢), which is a when the arc stabilize$, would be small. Therefore, the arc-
function of the arc current such that the arc conductancedamping functiord is assumed to have the following form in
given by our present investigation:

G=[1-00)|Gc+c(i)Gm 9) 6 =6+ 6; exp(—ali]) (13)

whereG andG)y, are the conductances given by (6) and (7here« > 0 and 6; > 6,. When the arc is igniting and
respectively. The transition factar(i) varies between zero extinguishing,i is small andd = ;. Wheni is large,f = 6.
and unity and should be a monotonic decreasing function wh&ogether withGy,;4, Eo, 1o, and Py, these seven parameters
arc current increases. A satisfactory form ef<) used in our characterize our arc model.
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300 Fig. 7. Test circuit for verification of arc model.
250 A
200 satisfied) and such that the equations defining any explicitly
150 defined system variables are satisfied. As the electric arc can
100 be regarded as a two-terminal device, the system variables are
50 the terminal voltage,,04e and veainode, Whose difference
0 (v = Vanode — Veathode) 1S the arc voltage that has to satisfy
-0 . x . (12) as well as Kirchhoff’'s current law for the entire network.
149.5 150.125 150.75 151.375 152 t(s) .. . . .
Two explicitly defined system variables are also required for
() the model: the arc conductan¢g as defined by (11), and its
Fig. 6. Effect of increasing the arc-damping parameékgr (a) arc current fijrst derivative &, which has to satisfy
and (b) arc voltage.
G = d by dt(G) (14)
IV. MODEL IMPLEMENTATION IN SABER whered_by_dt is the Saber time derivative operator.

To test the validity of the arc model, we have implemented A skeleton template of the arc model is shown in Fig. 2,
it in the Saber simulator, one of the more widely used circuifhere each section performs the following functions. The
simulators in the industry. To describe the behavior of {§mplate header defines the anode and cathode terminal con-
system, such as a power electronic circuit using Saber, {pection points as well as the names and default values for
interconnections of the different components of the systéfdel parameters such d%. The local declaration defines
are described using a netlist. The netlist contains a statemgstants and explicitly defines the additional system variables.
for each component of the system that defines the narhde parameters section is used to calqulgte quantities that_need
of the model template used to describe that component dRdP€ calculated only once at the beginning of the simulation.
its terminal connection points. The netlist also provides tfguantities that are functions of the system variables are
simulator with the values of the model parameters that areifgplemented in the values section. The control section con-
be changed from the default values defined in the template. THENS information about the nonlinear model relationships and
models that describe each of the components of the simulaf&fmands to aid convergence. Finally, the equations section
system can be accessed from the Saber libraries of stand?ﬁac“bes how the quantities calculated in t.he values secthn
model templates or from user-defined templates, where @& assembled to solve for the system variables. The netlist
equations that describe the physical behavior of the device SREUON IS presently not required for the arc model. It may
implemented [14]. The arc model has been implemented abg used in futgrg versions, e.g., to describe the temperature-
user-defined template. dependent resistive behavior of the electrodes.

Saber templates are written in the MAST modeling lan-
guage, which is similar to the C programming language with V. MODEL PARAMETERS ESTIMATION
the addition of specially designed modeling constructs thatit is important that the relative influence of the model
facilitate the implementation of Kirchhoff's laws and aidparameters on the simulated characteristics is well understood
convergence [8]. Electrical component models are usualy this would help in the estimation of model parameters. This
implemented into templates by expressing the current througction discusses the contributions of each parameter to the
each element of the component in terms of the system variabd@®ulated characteristics, using analytical analysis as well as
of the component. System variables for electrical componestiservations of trial simulations. From the discussed results, a
models normally comprise: 1) terminal node voltages; rocedure for the estimation of model parameters is proposed.
internal node voltages; and 3) an explicitly defined system ofFigs. 3-5 each show a family of simulated static character-
variables. The Saber simulator solves for the system variabistics obtained from Saber simulations using the implemented
of the entire network such that the net current into each nodec-model template. The simulated circuit consists of a voltage
of the system sums to zero (i.e., Kirchhoff's current law isource in series with a resistance and an arc. The arc is
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Fig. 8. Comparison of simulated and experimental static characteristics.

ignited by setting the voltage source to a high value. Using Fig. 6 shows the effect of the arc-damping functién=
the dc transfer function of the simulator, the voltage sourcefls on the simulated dynamic characteristics. This series of
progressively stepped down to zero in true dc operating condimulations is obtained using the transient simulation function
tions to obtain the static characteristics. The above procedofeSaber. The step change in the arc current imposed by the
is carried out repeatedly each time the value of one chosexternal circuit is shown in Fig. 6(a), while the corresponding
parameter, sayy, is changed to a different value. In thisarc voltage responses are shown in Fig. 6(b). The damping
way, a family of static characteristics is obtained that clearffect on the transient response can be clearly seen. A large arc
illustrates the influences of that parameter as it changes. voltage occurs, which then gradually decreases to the steady-
At high steady-state currents, it can be seen from (11) thetate value. The rate of decay is observed to increase with the

the arc conductance is approximately value of 8.
vi From the above simulation studies and analysis, a simple
G~ 2 (15) multistep parameter estimation procedure is proposed. For a
0

given pair of electrodes and gas medium, experimental static
y ) characteristics should first be obtained. Simulations of the test
v* &~ Bp. (16)  conditions are then carried out to calibrate the model using

Hence, E, strongly governs the level of arc voltage at highh€ following guidelines. .
currents. This can be observed in Fig. 3. At low steady-statel) ChooseE, such that the steady-state voltage at high-

Therefore

currents, (11) can be simplified to current levels is correctly simulated.
o 2) Chooselj such that the low-current curve is realistically
G~ (17) reproduced.
Fo 3) ChooseF, such that the extinguishing voltage is cor-
Therefore rectly simulated. The adjustment 8§ andI, may have
v @_ (18) to be done iteratively until an optimum pair of values
t is obtained.
Hence, the static characteristic has a hyperbolic shape at lowt) Choose(7,,,;, such that the simulated striking voltage is
currents and is dependent on the value of paranigteas can comparable to the observed experimental value.
be seen in Fig. 4. For the same arc current, the arc voltages) Assumex = Iy and choos#, = 0.01 andf; = 1000. If
is higher for larger values of,. For very small values of transient experimental results are available, then adjust
Py, the characteristics display a markedly positive differential 6, andf; so that the simulated transient-arc voltage and
resistance in the transition region. current matches the sample experimental results.

From Fig. 5, it can be observed that the paramégehas
an important bearing on the current value at which the curve
becomes dominated by the Cassie term. The value of arc
voltage at high currents is virtually unaffected By and 1. The arc model was evaluated using the test circuit shown
All three parametersty, Py, andl,, determine to some extentin Fig 7. Two brass electrodes with a diameter of 3 mm were
the voltage at which the arc is extinguished. On the other han$ed to create the arc. The arc was ignited by bringing the
the striking voltage is dictated mainly bB¥,,;,. electrodes together and then slowly separating them to form

VI. EXPERIMENTAL VERIFICATION
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Fig. 9. Comparison of simulated and experimental transient-arc voltage and current: (a) experimental oscillogram and (b) simulation olgehaddusin

an arc length of 5 mm. To obtain the experimental data of timybrid model and experimental values. It should be noted here
static characteristics, a variable dc power supply was uséiht it is not possible to compare the hybrid model with the
The dc supply voltage was gradually reduced while recordimgiginal Cassie and Mayr models using our simulation method.
the arc voltage and current until the arc was extinguished. The equations in the original Cassie and Mayr models were
Using the parameters-estimation procedure described niat meant for nodal-circuit analysis. It is not just that their
Section V, the model parameters for this particular arc setppedicted values would be unrealistic under certain operating
have been determined d%, = 28, I, = o« = 4.8, P, = 30, conditions, but also that their invalidities cause severe con-
Guin = 1 x 1078, 6y = 1 x 10~%, andé; = 100. Fig. 8 shows vergence problems that prevent any meaningful simulations.
the simulated static characteristics obtained using the propo3ée hybrid model not only combines the original Cassie and
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Mayr models, but also incorporates important modification$7] Pspice Circuit Analysis Reference Manual, Ver 84&rosim Corp., CA,
i i i Apr. 1995.

that ?nable the elecjmc arc to be .SImUIatEd for all Operat'n%] MAST Reference Manual, Saber Simulator, ReleaseAhdlogy, Inc.,
conditions, both static and dynamic. o Beaverton, OR, 1995.

For the investigation of dynam|c characteristics, a 50-HZ9] J. D. Cobine,Gaseous Conductors—Theory and Engineering Applica-

tions. New York: McGraw-Hill, 1941.
_aC power supply O_f VOItage 415.Y, was used so that the 10] J. M. Meek and J. D. CraggEJectrical Breakdown of Gases.London,
instantaneous relationship between the arc voltage and current y.k.: Oxford Univ. Press, 1953.
can be observed and captured on a digital oscilloscope. Figll@l T. E. Browne, “Practical modeling of the circuit breaker arc as a short
shows the comparison of the simulated and experimental :C')r;‘_e fo o 'f;%_ﬁans' Power Apparatus Systal. PAS-97, no. 3,
instantaneous voltage and current waveforms when the @® A. M. Cassie, “Arc rupture and circuit serverity: A new theory,” Paris,
is excited by the ac supply. It can be seen that for eacl, France, CIGRE Rep. 102, 1939. : :
y PPy E O. Mayr, “Beitrage zur theorie des statischen und des dynamischen

half CyCle_ (10 ms) .Of the ac supply _VOlFagev the arc 1 lichbogens,” Archiv fur ElektrotechnikBerlin, Germany, vol. 37, no.
momentarily extinguished and then reignited. The figures 12, pp. 588-608, 1943.

show good correlation between the simulated and experimeritdl K- J- Tseng, "Saber templates for the design of inverters and motion
controller,” inInt. Power Electron. Motion Control ConBeijing, China,

results. 1994, pp. 732-736.

VIl. FURTHER WORK

The developed model is currently being used by the authors
to design a power electronics circuit to generate an elect
arc plasma that is pulsed at a high frequency of 100 kHz. T
circuit would eventually be developed into a 10-kW powe
converter for a plasma reactor to be used for waste treatme
This experimental work will also provide verification for the
arc model at high frequencies.
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