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ABSTRACT short-circuit conditions, are usually considered as inevitable

o . i and unremovable events of the electromagnetic
Switching transients are the main causes Qfyyironment of MV/LV substations and so no tests have to
electromagnetic interference with control and monitoringe done in order to evaluate their emission and immunity
equipment in electric power MV/LV substations; so CircUiknaracteristics (Standards EN 60947-1/A 11 and EN 60439-
breakers have to be taken into account as EMI sources. jifn 11),

the paper a numerical model is presented to calculalg 4ythors' opinion this EMC problem needs to be more
transient electric and magnetic fields due to SW'tCh'nSeeply investigated in order to avoid failures or

operation. The simulation is based on the use of the AThisqnerations of monitoring equipment in substations.
EMTP and of a code using a field approach based on tge,y existing technical papers deal with the electromagnetic
method of moments. Simulation examples are carried o ference problems in the switchgear environment of HV
also “F‘de”'”'f‘g the Sh'?'d'”g effect.s. of metallic .Cab'ne%ﬁectric power substations, also reporting measurements
enclosing equipment which are sensitive to EM noises. o tormed in- airfgas-insulated HV  substations or HV
converter stations [3], [4] [5], [6]; within the authors'

INTRODUCTION knowledge, no EMI prediction model dealing with MV/LV

] ) ) substations environment is presented in technical literature.
Electronic equipment has become an integrated part of {8 the other hand, in order to assure immunity of electronic
electric power substation control system. In particulgfguipment against the electromagnetic transients, one has
semiconductors devices are widely used in control ags'ynderstand and characterize their generation, propagation
monitoring systems [1]. Electronic devices enable compagd coupling mechanisms and threat levels to the substation
sizes, ease in handling and high efficiency of the systengguipment.
On the other hand, they increase the susceptibility to noigethis paper, a computational procedure to predict electric
of the whole system and reduce the immunity against thag magnetic fields due to switching operations in electric
electromagnetic interference (EMI). _ ower MV/LV substations is illustrated, taking into account
The massive use of compact-sizes prefabrlcat_ed elec_: Ifealistic MV circuit-breakers model [7]; transient electric
electronic equipment and control apparatus, makes sop¥nputed [8]. The way of taking into account the shielding
more critical the electromagnetic compatibility (EMC) OEapabiIity of metallic enclosures of control and

the whole system to transients. _ measurement equipment is also suggested and investigated.
EMI can arise from any operation that interrupts or changes

an electrical current. Hence operations of circuit-breakers
and disconnectors are primary causes of EMI in pow§|UBSTAT|ON SIMULATION

systems [2]. The first step in evaluating the electric and magnetic fields

T'rar!sllent bus.currents and electromagnetic f!elds oduced during switching operations, is to obtain the
significant amplitude and frequency content can arise wh nsient voltage and current time profiles in the bus-bar

switchgears are operating "?md can interfere .With con_trol tem. These quantities are strictly depending on nonlinear
protection equipment causing failures or misoperations. [l -viour of the arc-conductance as well as on the

partic_ular the electric field is propor_tional to the c_harg rrangement of the bus bar and apparatus and on load or
transient on the bus-bar system, while the magnetic flef It conditions

strictly depends on the current transient. These transient,, paper the ATP code is used to evaluate in time

&main the transient voltage and current profiles of a real
e during switching operations.

A%e substation apparatus (bus-bars, ingoing and outgoing
Wstribution lines) are simulated in ATP code, including a

behaviour of the arc-conductance in the switch device,

which usually give rise to distortion in wave shapes and

high freq_uency voltage oscillgtions. . time-variable arc conductance model.

The major source of EMI is the bL_JS_'bar system Wh'cl_ the paper a model of circuit-breakers written in the
work; as an antenna so det(_arm_lnlng e!ectromagne,@bDELS language for ATP code is used. Each phase of
coupling W';Eh r::Oﬂtl’O:) an_d mg”'to”r!g eqt;]lpmdent._ Th_ec'he three-phase circuit-breaker is simulated by means of
fgeometry ° ]E 31 su tSt?t'on eterrg|rt1ﬁs t te .(t)mlnfattl o0 series-connected ohmic resistors, whose conductance is
requencies of the interference and the intensity of thg, oqented by the variable arc-conductance obtained from

coupling [3]’. [4]. . o . the combination of the Mayr's and Cassies's differential arc-
EMIs associated to transient switching operations, also dGuations.



The following differential equation is related to the Mayr'§ield imposed by the operator to carry out specific input

model of the arc conductance: conditions; the E field (scattered E-field) is expressed by
dgn(t) :i(@_gmmj 1) means of the retarded magnetic vector potential A and the
dt i R retardedelectric scalar potential due to all longitudinal

P%Jrrents and all surface charges of the structure,

while the Cassie's differential model is described by t . .
réspectively:

following equation:

dg.®) 7;[ P2 (t)] @) ES=-(joA + V) (5)
d reluca By employing the thin-wire approximation, the authors

o o choose the following integral constraint between two
where i(t) is the phase current of the circuit-breakgrog matching points on the generatrix of the wires which
g. is the arc-conductance, or . is the time constant of the simulate the substation bus-bars:
arc; R is the steady-state power loss of the arc arid the

steady-state arc voltage.
The total arc-conductance g is given by:

,jmJAtg.dls+d>17d)2:ZsJ.IS-dlsfj‘Eigc.dls(G)
Is Is Is

where z is the surface impedance per unit length of a
®) cylindrical wire.

In segments simulating the bus-bars, the last term of the
Tests prove that Mayr's model fits the arc behaviour fight side is null; in those that simulate the circuit-breaker
about ten times of microseconds close to current zefd,its geometrical position, the first term is null and the
whereas Cassie's model fits the conductance behavious@gond one is replaced by the known arc voltage in the
high current, such as at the beginning of the openifight member of the previous equation. _ _
operation. The following parameters of the arc model haiy applying the direct method of moments via point
been employed: ,=0.22 s, =0.8 s, B=8.8 kW and matching procedure, a discrete formulation of the previous
u.=2.35 kV, that are related to a &MV circuit breaker mtegrfal equation s obtamedz S0 the. resolving matrix
¢ equation in frequency domain is built up. Thus the

[7]- ) o . longitudinal currents along the wire of the structure are
In order to evaluate the electric and magnetic fields in th@iained and E-field and B-field may be computed.

substation environment, a thin-wires structure is employed.
A modified version of the thin-wire electric field integral
equation (EFIE) is numerically solved by an authors' cod’PLICATIONS

by using the method of moments (MOM) in frequencyhe case study concerns a typical electric power
domain for the structure subdivided in a number of shaffstribution (MV/LV) air-insulated substation, fed by a 20

segments [9], [10], [11]. For the presence of a grounding, equivalent ideal voltage source, as reported in fig 1. In
mesh, the ground surface is considered perfectly conductiyg 2 the layout of the substation is schematically depicted,
and the image principle is applied for each subsegmenifg including a metallic grounded cabinet containing an
The arc branch is modelled for each phase as a radiaiiigctronic control and measurement equipment. The model
segment having known time profiles both for current angk the physical substation arrangement is constituted by a
voltage, so phase conductors and bus-bars are ConS'defE{‘ﬁ!a%‘émission line over a perfectly conductive ground. A

radiating antennas excited by the previous branches. Thifee-phase Sfcircuit breaker is located at the beginning
metallic walls of cabinets containing electronic apparatys tna MV bus-bar system

can be also simulated by means of a wire-grid subdivided

1 1
S
gm g

1
g

in a number of short segments. OF v
Electric and magnetic fields in any point of the substation R I
environment can be calculated as functions of the computed 20kV- 1k

20 kV —

longitudinal currents in the segments of the thin wires [8]. sus bar broaker
The time profiles are evaluated via discrete fast Fourier ——
Bus-bar system

transform (DFFT). The shielding capability of the metallic 20kv-8m
enclosure of the control and measurement equipment can

be evaluated Fault section Iz)?)nks\f/(zm»zro/o,d. kv

Unlike many technical papers that consider, in other g

electromagnetic environment, the arc branch as a short- _ _ o _
circuit non radiating element excited only by a currertia. 1 - Electrical network feeding the distribution substation.

source, the authors’ opinion is that both transient electfgyo switching operations are considered: a) interruption of
quantities, arc current and voltage, are necessary in ordef{@ primary currents of the MV/LV unloaded transformer;
carefully calculate EM radiated fields, because high) interruption of a three-phases fault on the primary bars
frequency oscillations in the transient E-field, due to argsf the transformer (P section of fig. 2). In case b), in the
voltage, take also place during switching operations.  steady state condition before the fault the transformer feeds
The start point is the well known relation which expressgg palanced three-phase load of 400 kVA with an inductive
the total electric field: power factor of 0.8.

ET = B 4 EM (4) The start point of opening operation is when the phase R

The E™ field is the eventually existing incident field or aSupply voltage reaches its maximum value (16.3 kV). In



both cases the simulation time is in the range around the
current zero. 19
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Fig. 2 - Circuit-break d bus-b h . F[iﬁ' 5 - Disconnection of the unloaded transformer: calculated arc
Ig. 2 - Circuit-breaker and bus-bars schematic arrangement, age time profile in enlarged scale near current-zero.
evaluate switching transients in two conditions: a) in interrupting

primary currents of the MV/LV unloaded transformer; b) in
interrupting a three-phases fault on the primary bars of the
transformer (P section). A, B: fields check points.

Significant harmonic components up to 1 MHz are present
in the Fourier spectrum of arc voltage and current. In order
to correctly apply the DFFT algorithm, frequencies up to

500 MHz have been considered.

In calculating the electric and magnetic fields, the

contribution of the power transformer has been neglected, T4k 5's 6 7s
as a first approximation.
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Disconnection of the unloaded transformer Fig. 6 - Disconnection of the unloaded transformer: By-field in A
) o point of fig. 2.
In fig. 3 and in fig. 4calculatedarc currents near current-
zero and arc voltages time profiles are reported, 30
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Fig. 3 - Disconnection of the unloaded transformer: calculated arc
currents time profiles near current-zero. Interruption of the three phase fault
In fig. 5 the calculated phase R arc voltage is reported inlan fig. 8 the calculated arc currents time profiles are
enlarged time scale. reported; in fig. 9 the calculated arc current in phase R is

The simulation carried out by running the ATP-EMTP codeeported for a better representation.

with a time step of 1 ns, shows that no restrikes in brealkerfigs. 10 and 11 the phase R arc voltage is shown in
gap occurs, so the arc is extinguished at the first zero valumrmal scale and in an enlarged scale, in the time range
In figs. 6 and 7 B and E fields time profiles are reported, considered for the simulation, respectively.

as calculated in check point A of fig. 2.
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Fig. 4 - Disconnection of the unloaded transformer: calculated a¥gy. 8 - Three-phase fault in P section of fig. 2: calculated arc
voltages time profiles. currents time profiles.



In figs. 14, 15 and 16 the time profiles of, By and E;

components are reported, as calculated in check point A of
60 fig. 2.
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Fig. 9 - Three-phase fault in P section of fig. 2: calculated arc 10'2 b h

current time profile in enlarged scale near current-zero.
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Fig. 10 - Three-phase fault in P section of fig. 2: calculated arc
voltage time profile.
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Fig. 11 - Three-phase fault in P section of fig. 2: calculated arc TR TR TR
voltage time profile in enlarged scale near current-zero. Tlme (us)
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15 - Three-phase fault in P section of fig. 2: By-field in A
Fig. 8 shows that the three phase fault currents are force%é‘#t of fig. 2. P 9 v

zero in a very narrow time range, but there are post ¥fie comparison of the profiles of fig. 6 and 7 with those of
currents before the complete arc extinction. The s 14, 15 and 16, related to different switching

extinction causes a steep rise of the arc voltage (fig. 11). conditions, shows remarkable differences: due to relevant
Irn fl?tsd 1f2rat?]d 1ﬁ the Ram[r)lltuder ';(:u”ﬁ(rj sr;ect\;alta lue of the interrupted currents, B field and E field are
eported for the phase arc current and arc voltaqg,qp, higher in the case of the three phase fault; moreover,

respectively. oscillations with higher peak values are present when
current cross the zero value (at about 7 and 13.5 us).
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