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Improved Calculations for No-Load Transformer
Switching Surges

Marjan Popoy Member, IEEEand Lou van der SlujsSenior Member, IEEE

Abstract—This paper deals with a modeling of components and model, but also for the load side models of cables, motors or
calculation of transient overvoltages that build up on the trans- transformers.
former primary terminals after the transformer has been switched The first maximum and the rate of rise of the TRV depend

off by a vacuum circuit breaker (VCB). The transformer is con- | | t ch . Th itude of the ch .
nected to the circuit breaker by a cable. The transient overvoltages 'a'9€ly On currént chopping. The magnitude of the chopping

are calculated for different cable lengths, and the cumulative prob- current determines the likelihood of the first re-ignition. This
ability of different arc angles is investigated. becomes clear when dealing with small inductive current

In this study two cases are considered: transient overvoltages switching in relation to the unstable arc burning around cur-
due to steady-state magnetizing current switching, and transient rent zero. The chopping current is a parameter that has been

overvoltages due to inrush current switching. It is shown that the . . .
case of inrush current switching is worse, as virtual current chop- extensively studied and the latest generation of VCBs have

ping is possible. The cable is modeled by pi sections, whereas theSignificantly reduced the mean chopping current level [12],
transformer model is based on a terminal impedance. The VCB [18]. In three-phase circuits the situation is more complicated

re-ignitions are modeled by means of withstand voltage character- pecause of the capacitive and inductive coupling of the load.
istics and high-frequency quenching capability. Due to shortage of e a_jgnited high frequency current from one phase can be
field tests, this work uses only literature references to compare the d he load in th h h b f
results with actual measurements. superposed on t e loa current in the ot er phases by means o

the mutual coupling. The total current, which consists of the
power frequency and the high-frequency component, can be
chopped. This phenomenon is known as virtual current chop-
|. INTRODUCTION ping (VCC) [11], [19], [20] and is a reason of high overvoltage

. Lo eneration.
HE LATEST developments in vacuum switching techg

Index Terms—Modeling, overvoltage, transformer, VCB.

\%mediately. Transformer losses represent a large damping

malr?ten.ance, small size and little welght. _Espeua!ly .”‘l?oefﬁcient which reduces the theoretical maximum value
application of the VCBs to protect power distribution CIrCUIt%ignificantly. The interruption of inrush currents can be very
has increased, and it is likely that VCBs will be the domina%t

technol i the first two decad fthe 21st A erious as it is a possible source of VCC. The maximal values
echnology In the first two decades ot the 21stcentury. ¢ 1pq generated overvoltages can become as high as 8 times
However, some problems exist, especially when small mdth—

t

i i b itched. T ents with high e value of the transformer rated voltage.
Ve currents are fo be switched. transients with high overvolt- rp;q paper is a more detailed analysis of the switching of

ages can occur when the current is chopped b_efore_ the nat g\hsformer under no-load. The switching of transformer mag-
current zero at short arc angles. An arc angle is defined as %izing currents and inrush currents is studied, and the cumu-

time interval between the opening of the VCB and the naturdlive probability of the occurrence of overvoltage is calculated

current zero. :
. . for the studied case.
At short gaps, the withstand voltage is small, and therefore

a small transient recovery voltage (TRV) is needed for a
re-ignition to occur.
Re-ignitions can lead to voltage escalation in the netwok Modeling Re-Ignitions

containing many high-frequency components that cause the 10agne model that will represent the re-ignition phenomenon

side to show different behavior at different frequencies. Thergy st take into account the chopping current, the cold withstand

fore, when modeling the re-ignition behavior and calculating thg,1age and the behavior of a vacuum arc at high frequencies.
TRV significant efforts should be made not only for the VCB 11,0 chopping current is a parameter that has already been

studied by several researchers. A number of formulas have been

proposed for the estimation of the mean chopping level. Smeets

Manuscript received July 19, 1999; revised November 13, 2000. [14] proposed an expression that calculates the mean chopping
The authors are with Delft University of Technology, Power Systems Lab@aye|. The value of the chopping current maimy depends on the
ratory, Mekelweg 4, P.O. Box 5031, 2628 CD Delft, The Netherlands (e-mail: ial. butit also d d h fload and th

M.Popov@ieee.org). contact material, but it also depends on the type of load and the
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Fig. 1. Test circuit for re-ignition modeling.
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Fig. 3. Voltage and current of the load.
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Fig. 2. Re-ignited current and voltage across the VCB.

The withstand capability of VCB is another parameter thi 6z 0.255 026 0.265 027
influences the re-ignited overvoltage. The withstand volta¢ s

mainly depends on the contact distance. In many cases i ]
characteristic can be considered linear. If a re-ignition occu £ _5ﬂ
a high-frequency current flows through the VCB. This currer ° _,,_ ]

will be quenched if the slope of the high-frequency current ‘ \ ‘ ‘

lower than the critical current slope. The critical current slog ~ °*® 0255 028 o) 0265 027

is also a characteristic that depends on the VCB. The research

on these characteristics reported by Glinkowsd, al. [2] Fig. 4. VCB current, voltage and load voltage of the first re-ignition.

and Glinkowski and Greenwood [3] fully represents the VCB

behavior at short gaps up to 1 mm. We analyzed the re-ignitidhie second frequency component of the voltage is much lower

behavior on a simple circuit shown in Fig. 1 and used tind depends on the load parameters. This is the natural fre-

approach of [7], [21] for modeling the VCB. guency of the load and its value is in the range of kHz. It is
The results of the calculation are shown in Figs. 2—4. Fig.estimated as:

shows the current and voltage across the VCB, whereas Fig. 3 1

shows the current and voltage of the load. The complete de- 2= (27r\/ LLCL> . ()

scription of the first re-ignition after chopping is given in Fig. 4.

After the VCB contacts have opened, the current decreases \yBen the TRV has become greater than the withstand

value which is determined as the chopping current. Thereaftépltage of the gap, the VCB re-ignites. This is followed by a

the TRV is applied resulting in two different oscillations. Its frehigh-frequency current flow through the VCB. The re-ignited

quencies depend on the type of load circuit. The first frequengyrent contains two high-frequency components and one

is in the range of a few MHz, and it is determined by the capagower frequency component. The first has a value of:

itance of the cable and the load, the source side capacitance (in 1

this case’,, > Cp), the capacitance of VCB gap, the cable in- 3~ (27r\/LoCL) . 3

ductance and the parasitic inductance of the gap. This frequency

can be approximately calculated by means of the expressionThe other high-frequency component is due to the parasitic ca-

pacitance and the inductance of the gap:

-1
N CsCr, _
flw <2” VEioes + 0L> : @ fa = (2ry/LsCs) ' 4)
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Fig. 5. Cross section of one phase of the cable.

r'pf

r'hf

= -—

Rhf Lhf 5 sor

= — %

Rpf Lpf s o
£

|21 ©hm)

403

100

|
@
S

T

r'hf r'pf S : i
_1003 \;‘_vg—-«‘A n ‘5 > -
) , 10 10 10

C'pf T -I-C'hf frequency (Hz)

Fig. 6. Cable pi section.

Fig. 7. Frequency response of the impedance absolute value and phase angle
with the receiving end open.

and it is in the range of a few tens of MHz. Measuremen
[13] show that the VCB switching can cause additional higrgmz
frequency components at high-frequency current zero. If theg
high-frequency components are to be taken into account, th™ ¢
characteristics must be measured in a great detail and very sr
time steps must be used in the calculations. -

B. Cable Modeling

The cable we used in our calculation is a three-phase 20 |
cable without an external shield. The cross section of one phig 5|
is shown in Fig. 5.

The parameters of the cable are calculated by meansg o
ATPs Cable Constants and the cable itself is modeled by £ !
sections, as shown in Fig. 6. Each pi section has a length
1 m. The cable dielectric losses are included by usingpits ™%
at power frequency and at frequency of 1 MHz. In order to tes.
the validity of the applied model, we calculated the frequengyy g, Frequency response of the impedance absolute value and phase angle
response of the impedance of one phase of the cable aid the receiving end short circuited.
compared it with the frequency response calculated by the ATP

J-MARTI frequency-dependent Cable Constants and Calpgsteresis. Furthermore, due to the saturation, inrush currents
Parameters routine. Figs. 7 and 8 show the dependence of 48§ occur when the transformer is energized. They can reach
impedance amplitude and the phase angle versus the frequepgyes a few times higher than the transformer rated current.
It can be seen that there is good agreement between the AJitching off the inrush currents can lead to VCC. When the
calculation and the applied model and measurements [6]1lnsformer is switched off, a re-ignition may or may not take
should be pointed out that the mutual coupling in the cabigace. The first case requires the wide frequency transformer
model does not contain a loss component. This is very hardigyresentation. At high frequencies, for fast flux variations,
determine due to the influence of the cable shields. the saturation and hysteresis of the transformer core can be
, neglected. The second case requires only the saturation and
C. Transformer Modeling hysteresis [23], [24]. In order to calculate the electromagnetic
Having shown that the re-ignition of VCB causes electrdransients accurately, one should consider the residual flux,
magnetic transients in a wide range of frequencies, we mimgcause of its influence on the generation of overvoltage.
take these frequencies into account by using a transformeA terminal impedance characteristic gives enough informa-
model, just as we did for the cable. If no re-ignition in théion about the frequency response of transformers and rotating
system occurs, however, the electromagnetic transients arachines. Such tests were performed by Soysal [15], and he
in the low-frequency domain, and the unloaded transformshows that when a transformer secondary winding is open, the
behaves as a reactor which is strongly nonlinear. This nonlipresence of an iron core affects the frequency response below
earity is the result of the magnetic saturation and transforne00 kHz considerably as it shifts the resonant frequencies and

ngle (d

frequency (Hz)
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Fig. 9. Representation of the transformer in a wide range of frequencies. b
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increases the magnitude of the impedance. In our study, we
model the transformer by using the saturation in one of tff@. 10. Comparison of the calculated transformer absolute value and phase
Foster sections of terminal impedance, as can be seen fgife With the measurements.

Fig. 9.
The reason for including the saturation is that it is impor : [ Tedmerimsheurens :
tant to take into account the inrush currents at energization. |1 N \ " .

A0F | { A a » -

re-ignition occurs while the transformer is switched off, it is n¢
longer the magnetizing branch that is dominant, but the trarn
former winding described by RLCG Foster sections. The tes
minal impedance can be expressed as:

rrent (A)

Z(S) _ V(S) _ aosm + a18m_1 + -+ am_15s+am (5) 0 10 20 30 40 t'meSI?ms) 60 70 80 90 100
I(s)  bosmHbpsm L4 b5+ by

. ) Fig. 11. Calculated transformer inrush currents.
wherem = n — 1. If we consider that = jw then:

n/2 . /2, The validity of this approach is shown for a generator step-up
Z(jw) = Z /37667;7@’;“0 +J Z % (6) transformer Yd5, 144 MVA, 230/16 kV. The calculated charac-
i=1 it i=1 it teristic is modeled by 7 Foster sections with a total number of 24
parameters; the results of the calculation are shown in Fig. 10.
The model of transformer that will be used in our study
ill consider only the saturation that has an influence when
transformer is energized [22]. The model resulting from
approach will only provide information about the primary

overvoltages. To obtain the transformer secondary side

whered; = o7 + w? — w? andy; = 20,w. Thus, the problem
consists of the solution &n nonlinear equations and the deter-
mination of the same number of unknown parameters, nam

«;, f3;, o; andw; . Each pair of these four parameters determin?ﬁiS
one RLCG Foster section. Expression (6) represents two NQe

linear equations for each selected value of the frequengach responses more data are needed and the model should consider

mgedi\nc_e gmphtusde characfjerlsrc contaifi max:;nym anr(]j. h1he cross-over capacitance of the transformer. In our calculation
.”/ — . minimum. >0 we need only one more conaiion, WhIC, o 1o ing impedance characteristic of [16] is used.
is normally taken from the impedance characteristic at power

: The re-ignition in one phase through the mutual transformer
frequency. In order to provide the necessary parameters,

e " cable capacitances can be superposed on the currents in the
must measure the characteristics of the transformer. The sg

. . . . ther phases which have not cleared the arc yet. Whether or not
tion of the equations is provided by Newtons method [1]. Tha? VCC will occur depends on the amplitude of the power fre-

Riency arc current and the re-ignited current. Therefore it is im-
far from the exact solution, the convergence might fail. Ther% y g

; the int Is should be i tiqated where th s of ortant to know the accurate variation of the transformer cur-
ore, the Intervals should be investigated where e roots oMt The calculated inrush currents and steady-state magne-
equations might be. According to [4], reducing the value pof

) L tizing currents are shown in Figs. 11 and 12.
in (6) makes the peak of the characteristic sharper, whereas iﬁl geu wninHg

creasingv; moves the peak to the right. Furthermore, a change

of «; changes the vertical scale of the characteristic. By such .
adjustments it is possible to select equivalent circuit component
values to provide a response that closely matches any measurethe applied models of the system components are included
peak. Having estimated the parameters, the Newton’s methodhe circuit depicted in Fig. 13. The rated system voltage is
can be used to minimize the error. 13.8 kV, 60 Hz. The source side circuit contains busbars which

CALCULATION OF THE TRANSFORMER SWITCHING
OVERVOLTAGES
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Fig. 12. Calculated transformer magnetizing currents.
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in practice are also frequency dependent. Due to lack of inf(ﬁig. 16. Transformer phase-to-phase voltages—magnetizing current switching.

mation they are represented only with a 50/60 Hz model. The _ _ _
transformer under no-load is connected to the VCB by a cabfigtermined by the chopping current and the rate of rise of the
The influence of the length of the cable on the generated ovéielectric withstand capability of the gap. The magnetizing cur-

voltages is also observed. rent is chopped immediately and in this case it is not the chop-
ping behavior of the VCB, but it occurs because the amplitude of
A. Switching Off Magnetizing Currents the magnetizing current is well below the chopping level. In this

The first case is switching off magnetizing curase we have VCC, especially when the contacts open shortly
rents. The CB opens at maximal current in phase R. Shorﬁ?fore current zero. Fig. 17 shows an example of the calculated
thereafter a re-ignition takes place, as can be seen in Fig. Y@ltages in phase R, phase S and between phases R and S when
The calculated phase-to-ground and phase-to-phase ovenibg-current in phase T clears first. Normally, the switching oc-
ages for a cable length of 20 m are shown in Figs. 15 and B\rS in the second or third loop after 30-50 ms, but in order
respectively. When the steady-state currents are switched &freduce the computation time, the switching is done within
the maximal overvoltages do not reach very high values; 4P ms. In this case, the generated overvoltages are strongly af-
our case not more than 40 kV. The length of the cable hadegted by the arc angle. The greater the arc angle, the smaller
significant influence on the generated overvoltages. It increadB8 probability that a re-ignition will occur.
the total capacitance and the travel time of the surge impulse, . .
which in its turn decreases the peak overvoltage [10]. B." Switching Off Inrush Currents

During the switching of steady-state currents, a re-ignition Transformer inrush current switching is rare, but it might
occurs at almost all instants of switching. Generally this depenldappen, particularly during an improper relay tripping
mostly on the amplitude of chopping overvoltages, which armmediately after energizing or in arc furnace supply systems
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where switching occurs many times a day [5], [8]. Unlikeg * - %m
distribution transformers, where the low-voltage terminals a§ 60t o Smi
mainly connected by a cable that leads to the load, arc furnég 4| 1
transformers have their secondary terminals opened. g " T
A complete analysis was carried out for different cabl3 "’*«»s-mgix_ HO0ORRROORRSse
lengths for both switching cases. The cumulative probabili  ° 2 3 . 5 R n A T

maximal voltage (p.u)

of the generated phase-to-phase overvoltage between uic
phase's R, and, S is calculated in the fOlIOWII’lg way. The InStaﬂé. 19. Cumulative probability of overvoltage occurrence; upper trace:
of switching is chosen randomly. For steady-state currenfggnetizing current switching, lower trace: inrush current switching.
because of a symmetry all switching moments are within a

time interval of 6.6 ms. For inrush current switching there is, .
no symmetry because the inrush current amplitude decrealighier than the steady-state currents and due to a VCC higher

aperiodically. Therefore the random switching instant i@/€rvoltages occur. In the intervdl in almost each case of
chosen between 0 ms and 20 msnifis the total number of SWitching a re-ignition with a VCC occurs, while in the interval

energizations, then for each energization we can determﬂ:ﬁs-thiS happens only when th? C(_)r_‘taCtS open shortly before the
the maximum value of the switching overvoltagefis the 1St current to clear. If no re-ignition takes place, only chop-
number of energizations where a maximum value/pf. is ping overvoltages exist and they depend only on the chopping
V < Vi < V + dV, then the probability of an overvoltagecurrem level and on the transformer residual flux. However, they
Vinax Which is in particular intervalV, V + dV] is v/m can also reach high values as reported in [25].

[4]. The cumulative occurrence of a particular voltage bein Fig. 19 shows the calculated cumulative probability for dif-
exceeded is calculated as erent cable lengths. Note that 1 p.u. denotes the maximum

phase-to-ground voltage; thatli8.8v/2/y/3 = 11.24 kV.
During the inrush current switching, the maximum overvolt-
ages occur when the contacts open in the inter¥aler 75.
Q(Vinax) = /me Fv)dv. Q) However, less than 20% of the overvoltages are higher than
5 p.u. and for longer cable lengths the probability is even lower.
The same method can be applied if measured data fronTlae studied voltage transients are between phase R and phase S.
number of tests are known by a previous determination Tfie voltages in terminals R and S are approximately half the
the maximum values from each test. During inrush curremélue of these voltages.
switching we distinguish three intervals. This can be seen fromMeasurements performed by Daalder and van den Heuvel
Fig. 18, which represents the inrush currents during the fifdf7] show that the maximum overvoltage for their transformer
20 ms. is 3.5 p.u. during steady-state and 7 p.u. during transient con-
T3 is an interval where the instant values of the phase currediton. The amplitudes of the magnetizing and inrush currents
are not high in amplitude. This situation is similar to the case ofere 0.5 A and~700 A, respectively. Ohashét al. [9] mea-
magnetizing current switching; the currents are cleared immeisred 3 p.u. and 4 p.u. during steady-state and transient current
diately, re-ignitions do sometimes occur, but the overvoltagegerruption respectively, with magnetizing currents of 1.5 A
reach no high values. In the intervdls and 73 the currents are and inrush currents o£33 A.

oo
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simulations in order to prove the validity of the approach.

A statistical distribution of the overvoltage that builds up
across the transformer winding is studied. Due to possible
VCC, the voltage in the phases which have not cleared the ar ]
yet can reach a similar value but different polarity and therefore
a delta-connected winding might be exposed to a value twice?]
the phase-to-ground voltage.

The maximum calculated overvoltages in the steady-state sit{3]
uation are as high as 3 times the rated voltage. The transforme[gf]
core affects the local maximum of the inrush currents, which
might influence the overvoltage due to VCC. The maximum [5]
overvoltages at inrush current switching can reach values up td®
8 times the rated voltage. The cable length also affects the gen-
erated overvoltages. It can be seen that when the cable length [g]
increased, the overvoltage decreases.

This study presents results on a particular circuit with par- [8]
ticular characteristics of the system components, so the results
can not be applied to similar systems because many parameters
influence the re-ignition overvoltages. There is no general rule[9]
that shows which of the parameters that influence the possible
overvoltages are the most important. Therefore, the voltage tran-
sients in systems similar to the one studied here might be dif10]
ferent. Many parameters must be considered in order to draw
areliable conclusion about the overvoltage level of a particulaf 1
case.

Despite the huge computational effort, we believe that the;,
used models are still simplified. The reason for this is the lack
of measured data for transformer, cable and VCB which are
important for accurate modeling. If measured characteristicglgl
of cable terminal impedances are known the same approach
as for the transformer modeling can be used for fitting the
characteristics. The transformer model should be refined b£/14]
taking into account the hysteresis [25], mutual impedances ands]
frequency-dependent losses.

The analysis of switching overvoltages that might occur, 16]
during de-energization of unloaded transformers an
other highly inductive loads are important for insulation
co-ordination. These overvoltages have different origins. ThE"
potential insulation failure can be caused by their amplitude,
rise time or both. For the transformer, the magnetizing currenf8l
interruption does not produce high overvoltages, but the
interruption of inrush currents might be a problem in somg19]
cases. This type of switching is unusual but not impossible.
Transformers because of their high BIL can withstand these
overvoltages. But if the VCB is used to perform many switching[20]
operations, the possible steep fronted surges can acceler 2t?
the deterioration of the transformer insulation. Therefore,
the transformers should be protected with R-C suppressioR2]
branches to damp the voltage oscillations and reduce the
possible overvoltages. Advanced pole switching [26] to avoid23]
the VCC is also recommended.
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