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Abstract -- Description of a new nonlinear power resistor is
presented. This resistor has linear characteristicsip to a certain
voltage. Then, its resistance decreases sharply,uthlimiting the
resistor voltage. Such resistor is called limitingresistor or
limistor. Features of a limistor and conditions ofits operation are
presented. It is shown in the paper that limistor$ a new element
for the whole power system with its own features inhe scope of
proper choice and application.

The paper presents limistor application in a 500 kVsystem
that helps solve an important problem — to providebreaking
capacity of SF6 circuit breakers when switching copensated
power lines. Connection of a resistor into a circai of shunt
reactors is used as an efficient method for dampinga DC
component through a circuit breaker.

Keywords. nonlinear resistor, compensated power lines, shiin
reactor, DC component, breaking capacity of circuitoreaker.

I. INTRODUCTION

Power engineering
equipment, which is generally inductive, capacitioe
resistive. Resistors are important elements oftréded circuits
as generators, transformers and capacitors.

Resistors are characterized by their target purgosbe
operated under abnormal conditions of a networldamp
electromagnetic transients. Widely known resisggelipment
includes linear power resistors [1] and surge &&reg2].

Description of a new nonlinear power resistor issented.
This resistor has linear characteristic up to dagervoltage
value (in particular, in the range from a maximupemating

voltage to a short-time permitted voltage). Thés résistance

decreases sharply, thus limiting the resistor geltaThis
instantaneous voltage value when the resistor cuvw@tage
characteristic bends is called limiting voltage. dAsuch
resistor is called a limiting resistor (limisto§][ An example
of current-voltage characteristic of a limiting ister is shown
in Fig. 1. The resistance versus voltage charatierof a
limistor is shown in Fig. 2.
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is based on utilization of powe
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Fig. 2. Resistance versus voltage characteri§tdimistor
Features of limistor and conditions of its openatiare
presented. It is shown, that limistor becomes a elewent for
the power system with its own features in the scofperoper
choice and application. Heterogeneous design ahiatbr is
reviewed.

Il. TECHNICAL PARAMETERS OFLIMISTOR

Resistance of the nonlinear limistor p&,,i, is much
higher than resistance of its linear p&, under normal
operating conditions of the network (when the limis/oltage
u(t)<u,,, where u, — peak value of maximum operating

phase-to-ground voltage):

Rnonlin = Z ‘:Rin ! Z >>1. (1)

When limistor voltage exceeds some certain valoe, f
example the maximum operating phase-to-ground gelta

uIim :,7 |]Jm (2)

(in particular casel<p <2), resistance of the nonlinear
limistor partR,onin becomes equal to the resistance of its linear



part Rlin:

Rnonlin = |%in ' (3)

The power-law current-voltage characteristic fore th
nonlinear limistor part

— (; B
unonlin /Ub - (I nonlin/ I b) (4)
determines resistance of the nonlinear part as
- 151
Rnonlin - Rb(U b /unonlin) : (5)

It follows from (1) — (5), that the power index ttie
current-voltage characteristic for the nonlinearistor partp
should satisfy the following:

Inp

A= Inp+Ind .
Values off} are presented in Table 1.

(6)

TABLE 1—POWERINDEXES OFCURRENT-VOLTAGE CHARACTERISTIC FOR
NONLINEAR LIMISTOR PART

Ll|
4 1.2 1.4 1.6 1.8 2
10 | 0.073 0.127 0.170 0.203 0.231
20 | 0.057 0.101 0.136 0.164 0.188
30 | 0.051 0.090 0.121 0.147 0.169
40 | 0.047 0.084 0.113 0.137 0.158
50 | 0.045 0.079 0.107 0.131 0.150
60 | 0.043 0.076 0.103 0.12¢4 0.14p
70 | 0.041 0.073 0.100 0.122 0.14D
80 | 0.040 0.071 0.097 0.118 0.13F
90 | 0.039 0.070 0.095 0.114 0.13B8
100 | 0.038 0.068 0.093 0.113 0.131

The table shows, the power index of the currentaga
characteristic for the nonlinear limistor pgrtis higher than
the power index of the surge arrestersThese indexes may
have similar valuesg = a = 004.005 only in a particular

case.
With assigning base voltage

U, =n,, Q)
base values of resistance and current are detedrage
b . _nlu
R =R =75 ®)
I%in

Thus, (6) — (8) univalently determine the curreoltage
characteristic of the nonlinear limistor part.
Resistance is generally determined as:

R:pgg, 9)

where

p — resistivity of a material)-m;

| — resistor length, m;

S-— cross-sectional area of the resistdt, m

Therefore, it follows from (2) — (3), that:

I [
pnonlin(’? l——lum) - ,0|m ~
onlin Sin
and the ratio between the cross-sectional areakeofinear
and nonlinear parts is determined as:

Sin - lolin ,
Swonlin pnonlin(’] |]'Im)

i.e. the ratio between these cross-sectional atepends on
the ratio between resistivity of the materials. Tasistivity of
the nonlinear resistive material should be chosen the

(10)

(11

voltage determined in (2).

The heterogeneous limistor consists of N>{Nlinear and
M (M>1) nonlinear resistors connected in parallel (B)g.

[$;]

T

Fig. 3. Example of heterogeneous limistor, basegarallel connected N
(N>1) linear and M (M1) nonlinear resistors
1 — nonlinier resistors; 2 — linier resistors; Betallized surfaces;
4 — axial holes ; 5 — electrodes ; 6 — fiber-gl&#sforced plastic tube

Each resistor is assembled of discs made of cergtiar
other conductive materials [5] and placed on edtiero In
some cases, disks may have axial holes (like washee total
resistance of the linear resistor is determined as:

I
Rn =5 (12)
" i Sin i
i=1 lolin,i
resistance of nonlinear resistors:
I
Rn in= - (13)
o i Snonlin,i
i=1 pnonlin,i



In this case (11) is transformed in the followingyw

S|n| _ ! Snonlln,i
Y Y

i=1 Iononllnl
In the particular case, when all linear resistivgcsl or all
nonlinear resistive discs are made of the sameriabste(11)
is transformed as follows:

; Sin i
; Snonlin,i

Assuming all discs to have the same diameter, tiaeal
nonlinear resistors quantity should satisfy théofeing:

ﬂ Iolin )
M pnonlin(’] III'lm)

Parameters of the material used for nonlinear tasis
should comply with (6) — (8) in each case.

IOIin )
pnonlin(’? |]'Im)

(15)

(16)

I1l. M ODELING OFELECTROMAGNETIC TRANSIENTS FOR

POWER SYSTEM WITH LIMISTOR

A mathematical limistor model for
transients calculation is based on the followingagipns:

Ui = Rin Wi (17-1)
uI|m = A |:[lnonlm ' (17'2)
IIim = IIin + Inonlin’ (17'3)

where A=U, /I?
Based on (17-1) — (17-3) the following equationliained
for absolute values of voltadéu ) and curren[q'””) ofa

lim IIim

limistor in (h + 1) time step of calculation:
n+l] Ve
lim

A

Using Newton-Raphson linearization:

n+l

uI|m

n+1
I|m

F(

) =

aF n+l TN+l ) n+l n+l )+
P lim(s)|{lim(s) |/ HYim(s+1)| ~|Uim(s)
uIim
aF n+l n+l ) s n+l n+l ) n+l N+l )
+a|n+1 Qullm(s) II|m(s) |:6|Iim(s+l) II|m(s) Fqullm(s) I|m(s) !
lim

final equation for a limistor is obtained:

(e VL
A,B{ A ] +§ [Win(ssny ~lim(srn =
. i A 1 |?n:(15) i
= S|gr(u,im(s))(lg —1} A (19)
which is solved iteratively (s — iteration numben)ith

n+l _ ntl  _
uI|m(0) uI|m ! II|m(0) II|m '

electromagneti

Such model is implemented in MAES softwakéddeling
and Analysis of Electrical Power Systems) [14]. All
calculation results were obtained using this saféwdor
electromagnetic transients modeling.

IV. APPLICATION OFLIMISTOR

An example of the limistor application in the 50¥ k
system is reviewed below. An important practicajective is
solved — breaking capacity of SF6 circuit breakensrovided
when switching compensated power lines [6] [13].
Connection of a resistor into a circuit of shurdaters (Fig. 4)
is usually applied, as it is an efficient method damping the
DC component of current through a circuit breaket]][ It
ensures fault-free operation of the circuit breaker

Power System1 Power System 2

w D00

Fig. 4. Compensated transmission line with a tesionnected into the
circuit of each shunt reactor
1 — transmission line; 2, 3 — 500 kV circuit breakel — shunt reactor;
5 — 500 kV surge arrester; break switch; 7 - 35 kV bypass circuit breaker;
8 — resistor (or limistor); 9 - 35 kV surge arresf® — current transformer;
11 - relay protection unit; 12 — control unit; 18lecommunication

The circuit breaker (7), which bypasses the resi@y is
closed under normal operating conditions of thedmaission
line (1). At short circuit occurrence, the relayotection
system (11) issues a command for two-sided tripgihghe
transmission line. At the same time, a commandeisetated
for circuit breaker (7) opening, thereby curremtrtst flowing
through the resistor. In the case of successful-sided
reclosing (with DC component being damped), a conuria
generated for closing the circuit breaker (7). Nalroperation
of the shunt reactor is continued.

Resistance value of such resistor should be chivsé¢me
way that the shunt reactor voltage would not excée=
maximum permitted voltage for the grounded sidéhefshunt
reactor. The rated voltage for the grounded side06f750 kV
shunt reactors is 35 kV, the maximum operating agat is
40.5 kV, the one-minute testing voltage is 85 kV.

Operation of the shunt reactor involves temporary
connection (<1min) of the resistor into its circuit this case,
resistanceR,es Of this resistor under steady-state conditions is
determined as follows (neglecting shunt reactastasce):



X

reac

R.. < ’
U 10/ ¥3) (kg W) f -1

whereUs ma525 KV —maximum operating voltage of the system;

UN(l): 85 kV — one-minute testing voltage for the groechd

side of the shunt reactok,,, =~ 0.7 — total factor which takes

insulation co-ordination factor and safety factapiaccount.
Resistance of the resistor is:

X

\/(303/22)2 -1

andR<180Q with Xieq =917 Q.
However, first voltage peak reaches 127 kV (Figab)he

= 02X

reac?

RTES S

resistor withR.s<=180 Q (at the grounded side of the shun

reactor) because of the transient current flowmghe circuit.

Such voltage is not permitted, as 12768B+/2 =84 kV.
That is why resistance of the resistor should baessed or
some other measures should be taken. But
decreasing is often impossible, as it reduces ffeeteof the

DC component damping.
127.00

Voltage (KV)
=

-127.00
0.4 0.55

Time (5)

0.7

Fig. 5. Transient voltage at the grounded sidihefshunt reactor with a
linear resistor connected

Let us consider application of the limistoU,£84 kV,

resistance

The limistor may be connected in parallel with agsu
arrester. In this case, their behavior is differé&tgsistance of

the surge arresteR{es), NONlinear part of the limistoR{onin)

and total resistance of the limistoR;{) versus voltage
characteristics are shown in Fig. 7.
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Fig. 7. Resistance of the limistor and surge teragersus voltage
characteristics (1 — Rlim, 2 — Rnonlin, 3 — Rairest

Resistance of the limistor virtually does not charand
equals its linear part resistance up to 50 kV;stasce of the
nonlinear part of the limistor and resistance of turge
arrester are very high. Resistance of the limigiadually
decreases within the range of 50 — 78 kV, resistawicthe
surge arrester is decreasing sharply. At 78 k\istasce of the
limistor becomes equal to the surge arrester eegist Then,
these two resistances decrease, but the surgdearxedue
becomes lower. After 90 kV, resistance of the suangester is
significantly lower than the resistance of the #tar. Thus,
voltage ranges of limistor operation (up to maximojerating
voltage) and surge arrester operation (switchirg legintning
overvoltage) are separated. It should be noted,ftequency
ranges of limistor and surge arrester operation a@s®
separated: limistor is operated at a power frequemndtage,
surge arrester is operated at higher frequencypditicular,
frequency of switching and lightning overvoltage).

1,=0.467 kA, p=0.176) instead of a linear resistor. The first

transient voltage peak is limited to 80 kV (Fig., &uch
voltage is permitted. Then, limistor operation hadlifference
from the operation of a linear resistor.

g0.00
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=
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Fig. 6. Transient voltage at the grounded sidihefshunt reactor with a
limistor connected

0.7

V. CONCLUSIONS

1. New nonlinear element of a network is described
limiting resistor (limistor). Heterogeneous desigi the
limistor is the most reasonable from the point dife t
manufacturing technique. In this case, the linea @onlinear
parallel parts of the limistor are formed from sgpa resistors.

2.  To provide the required parameters of the lionjst
certain requirements on the used constructionahexés and
electrophysical parameters of materials shoulcdubiifidd.

3.  The described example of limistor applicatioow$
that limistors are needed in power engineering.

VI.

L.E.Vrublevskiy, Yu.V.Zaytsev, A.l Tikhonov,Power Resistors.
Moskow: Energoatomizdat, 1991 (rus).

REFERENCES
[1]



(2

(3]

(4]
(5]

(6]

(71

(8]

[9]

(10]

[11]

[12]

[13]

[14]

V.Hinrichsen, Metal-Oxide Surge Arresters in High-Voltage Power
Systems. Fundamenta(8rd ed.). Siemens AG, 2012.
Availble:www.siemens.com/energy/arrester

l.Ye.Naumkin, “Limiting Resistor". Russian Fedemti Patent
No 143414. 2014 (rus).

“Ceramic Carbon Resistor”. Available: http://wwwrhnt.com/
“Composite Material ECOM”. Available:
http://pnpbolid.com/ru/products/ecom/

Que Bui-Van, Bahram Khodabakhchian, Michel Landryean
Mahseredjian, J.Mainville, “Performance of seriesapensated line
circuit breakers under delayed current-zero cooltl, IEEE
Transaction on Power Deliverypl.12, issue 1, pp.227-233, 1997.

T. Michigami, S. Imai, O. Takahashi, “Theoreticabdkground for
Zero-miss Phenomenon in the Cable Network and Rieldsurement”,
IEEJ General Meetingl997.

F. Faria da Silva, C.L. Bak, U.S. Guomundsdottir, Wiechowski,
M.R. Knardrupgard, “Use of a pre-insertion resigmminimize zero-
missing phenomenon and switching overvoltages”. é?o& Energy
Society General Meeting, 2009. PES'09. 26-30 J0G92pp. 1 — 7.
Teruo Ohno, “Operation and Protection of HV Cahfet&ms in
TEPCO?”, Global Facts, Trends and Visions in Poweluktry, Swiss
Chapter of IEEE PES, 2010, Availble:
http://www.ieee.ch/assets/Uploads/pes/download€/ll@D42o0hnoexpe
riencetepco.pdf

I. Naumkin, M. Balabin, N. Lavrushenko, R. NaumKigimulation of
the 500 kV SF6 Circuit Breaker Cutoff Process dyitime Unsuccessful
Three-phase Autoreclosing”. Presented at Internati@onference on
Power Systems Transients (IPST2011) in Delft, ththBrlands June
14-17, 2011.

Ivan Ye. Naumkin, Viktor N. Pod'yachev, Leonid lat$h, Danila V.
Kochura, “Methods of Performance Assurance for SK6uit-breakers
at Switchings of Compensated 500-1150 kV OverheadeP Lines”.
Presented at International Conference on PowerefgstTransients
(IPST2013) in Vancouver, Canada July 18-20, 2013.
Available:http://pnpbolid.com/subdmn/static/pdf/AR$G T2013-92.pdf
Unnur Stella Gudmundsdottir and Per B. Holst, “8ajvZero-Miss
with Cable Energisation at Voltage Peak, Basechenltion-
coordination Study Results”. Presented at Inteonati Conference on
Power Systems Transients (IPST2013) in Vancouvana@a July 18-
20, 2013
Akihiro Ametani, Naoto Nagaoka, Yoshihiro Baba, Ge@Ohno,Power
System Transients: Theory and Applicatidrendon, N.Y.: CRC Press,
2014.

I.Naumkin, M.Balabin, N.Lavrushenko, R.Naumkin, “Mpurpose
power system simulator: implementation based onemodrinciples”.
Presented at International Conference on Powee®gsTransients
(IPST2009) in Kyoto, Japan June 3-6, 2009.



