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Abstract. Operating parameters of low (LV) and
medium (MV) voltage electrical networks such as phase
voltages, leakage and ground fault currents are decisive
for safe operation of these systems. Knowledge of
maximum possible values of the network operating
parameters is necessary for the correct assessment of
numerous hazards. So far no simple methods for the
determination of these parameters highest levels have
been available. In the paper, there is presented a new
approach to evaluation of variation ranges of operating
parameters in three-phase unearthed networks with the
help of Wolfram Mathematica 9.
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1. Introduction

An important task of exploitation of three-phase LV
and MV networks with unearthed neutral (isolated
neutral point - IT) (see Fig.1) is maintaining its in-
sulation-to-ground at a required level. The insulation
resistance and capacitance exert influence on such
operating parameters as phase voltages, leakage and
ground fault currents. These parameters values are
decisive for safe operation of these networks. An
excessive phase voltage rise (overvoltage) increases risk
of insulation breakdown, whereas the high leakage and
ground fault currents may cause a human shock, fire or
explosion.
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Fig. 1. Equivalent circuit of 3-phase IT network.

Knowledge of maximum possible values of the
network operating parameters is necessary for the correct
assessment of the mentioned hazards. However, no
simple methods for the determination of these
parameters highest levels have been published so far.

2. Operating levels of three-phase network
voltages

With symmetrical insulation leakage conductances
and capacitances of single phases (i.e. g, = g, = g,
b, = b, = b.), wire-to-ground (phase) voltages in a
network with symmetrical supply source voltages are
equal. In case of insulation parameters deterioration or
asymmetry, this balance may be disturbed. With a dead
ground fault of any phase, the voltages of the remaining
two phases increase by 73 %, and the neutral point
displacement voltage Uy grows to E. However, this is
not the greatest possible rise of the network voltages as
compared to symmetrical condition. Fig. 2 depicts an
example of still higher overvoltages.
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Fig. 2. Three-phase network voltages with asymmetrical
insulation parameters — an example.

This example rises a question about a possible
variation range of phase voltages in 3-phase IT
networks. In order to determine the highest possible
phase and displacement overvoltages, it is necessary to
find maximum values of the functions given by the
following formulas [1]
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It is convenient for this analysis to assume fixed
values of the network’s insulation-to-ground equivalent
(i.e. total) conductance G and susceptance B:

g, +g, +2. =G, b +b, +b =B 3)
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This approach is based on the fact that in practice
insulation parameters for single phases are not known, but
merely their equivalent values are measured. According to
formulas (3) any set of three independent phase
conductances and separately of three phase susceptances is
represented by single, unique insulation condition indicators
G and B. The insulation equivalent resistance R=1/G is
indicated by an insulation monitor whereas the total
network-to-ground capacitance C=B/2zf should be known
for maximum possible configuration of the network. In
practice these equivalent values for LV networks may vary
from few puS to oo (for G) and from few nF to few pF (for
B). From equations (3), insulation parameters for the phase
¢ can be expressed as g.=G-g,-g;, b.=B-b,-b, . Therefore,
the problem of Uy, U, U, U, maximum values
determination is the task with four independent variables
0=g,<G, 0=g;<G, 0<b,<B, 0<b,<B which fulfill conditions
0< a+gb§G, 0<b,+b,<B.

It should be noted that the minimum displacement
voltage Uy 1is of course zero for symmetrical insulation
parameters. A minimum phase voltage is zero too, and it
appears when the entire insulation conductance and
susceptance are concentrated at this one phase only.

3. Determination of displacement voltage and
phase voltages maximum levels

For the limitations given above, there should be
found maximum values of the voltages described by
formulas (1) and (2) where
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This problem can be solved in the following way.
Note those mappings ga —|\Uy (2 b b bb)\
by —=|Uy (8ar bar &6 by)I", 86 —|Uy (807 bar &b
by —|Uy (s bar 8o B3I, 8 —IUy (80! ba Ggui b
by —|Uy (2u bas @5 B-by)|” (With other arguments fixed
arbitrarily) are all convex or affine, so each of them
attains its maximum on the boundary (see [2], [3]).
Taking above remarks into account we consider that:
max |Uy/(g,; b,; 83 by) =
=max {max|Uy(g,; b,; 0; by)l max|Uy(g,; b,; G-g,; b,) |}=
max {max | Uy (0; b,; 0; by ) [, max |Uy(G; b,; 05 b,,) [,
max Uy (0; b,; G; by)[}=
3 b, 05 0)|, max|Uy (0; b, ; 05 B-b, ),
b, : 0; 0)), max| U, (Gs b, 0: B-b,)].
max | Uy (0; b,; G; 0)|, max |Uy(0; b,; G; B-b, ) [}=
=max {max | Uy (0; 0; 0; 0)|, max | U, (0; B; 0; 0)|,
max |Uy(0; 0; 0; B)|, max | Uy(G; B; 0; 0)}
max | Uy (G; 0; 0; B)|, max |U (G; 0; 0; 0),
max | Uy (0; 0; G; 0)|, max|Uy (0; 0; G; B)l,
max |Uy (0; B; G; 0) }

4 Uy =

max {max | Uy (0;

max| Uy (G:

So we conclude that the point (g, b, g, b,) at

which ‘UN‘ attains its maximum, must satisfy {g,,

g,} {0, G}, {b,, b} C {0, B}. One can check, that
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and is attained for the points (g, b, g» by) €{(0, 0, G,
0), (0, B, 0, 0), (G, 0, 0, B)}. In the same way, we find
the maximum phase voltages:

max | U, (g, b,; 8,3 by) [=max|E—Uy (g, b,; 8,3 by )=

B +G? +3BG
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The maximum values of both the displacement voltage
and phase voltages with any possible insulation
parameters 0<g,<co, 0<g,<c0, 0<g <o, 0<b,<co, 0<b,<c0,
0<b.<co are obviously obtained when B=G. These
values are equal respectively

Uy, =E 1+€ =1.366-E, U, men —15,/3+i =2366-E

This extreme case for phase a voltage (g,=G=
= b.=B) is presented as a vector diagram in Fig.3. Such
unequal distribution of insulation conductance and
capacitance is possible when conductors of phases a, b
are much shorter than that of phase ¢ and there is a
ground leakage in the phase b only.
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Fig. 3. Vector diagram of phase “a” voltage for g,=G= b.=B
(the remaining phase conductances and susceptances are
zero), Uy pax=2.366 E.
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Based on formulas (5) and (6), the dependence of
Uy max and Upjgse max 0N B/G - ratio can be plotted in
relative units U/E (see Fig.4). These formulas, as well as
the curves in Fig.4 enable to evaluate the sought
maximum overvoltages for any possible values of
insulation parameters. These maximum overvoltages are
attained for the points (g,; b,; gv; by) {(0, 0, G, 0), (0, B,
0,0), (G, 0,0, B)}.

Fig. 4. Dependence of maximum relative values
of displacement Uyyax and phase U,pase max Voltages
on B/G ratio.

4. Evaluation of leakage current variation range

A high leakage current i.e. an active component of
the current flowing through insulation-to-ground
conductances poses a threat of excessive temperature
rise in places with a lowered insulation level. This may
cause fire or explosion in the presence of flammable or
explosive substances.

The leakage current (RMS value) in the phase e.g. a
is given by formula (7) where Uy is described by (4)

I,=U, g =[E-Uy| e @)

Again, note these mappings b, — 1,(gu; ba g bs)°s
8 — L8u ba g by’ by — L(gw ba g by,
b, — I(2s ba g» B-b,)’ (with other arguments fixed
arbitrarily) are all convex or affine. Hence, repetition of
the procedure from point 3., reduces the problem of
finding the maximum value 7, for the fixed B and G,
to the set { (g2, ba, b » by) | (85=0 or gy=G—g,) and ((b,,
by) = (0, 0) or (b, by) = (0, B) or (b, by) = (B, 0)) }.
With the help of Wolfram Mathematica 9 [4], we find
formulas for the maximum value of leakage current:
V3BG
(B,G) EMM[{ﬁ¥:EJW&G>%
V3\[61B* +1043B'G +152B°G + 338G’ +16G* + /4
{ 162VB +G
V3 3G

Sor 7G2B>0}, {———=for B,G>0},

WB +G

]a max

{\/5\/6134 ~1043B°G +152B°G* ~32\3BG’ +16G* +.[4,
162VB +G

for G>0and 0<B< Second root of polynomial
P(x) =—4G* +1243G°x +8G** —43Gx* +x*,

3\-8B* +20B°G* + G* + G\|(G* —8B*)

{\/7\/ ( ) Jor G>0 and ()
W B +G?

0< B< Second root of polynomial P(x)=-G*+11G*x* +x*}]

where A :==375B" +400\3B'G+1840B°G* —1344\3B°G* -

—4128B*G* +763\3B°G® +3840B°G® +1024\3BG” +256G",

A =-375B° —400\3B7G +1840B°G? +13443B°G° —

—4128B*G* —7683B°G® +3840B°G® —10243BG +256G"

Fig. 5. Dependence of lamax [mA] on B [mS] and G [mS]
for E=1[V].
The surface plotted in Fig.5 according to formulas
(8) presents the dependence of the maximum leakage
current 7, .. on the insulation equivalent parameters B
and G. This diagram can be used for an approximate
quick evaluation of the sought maximum level.

5. Evaluation of maximum power loss in a phase-
to-ground insulation

The active power loss produced by the leakage
currents may cause an impermissible temperature rise
leading to fire or explosion hazards. Therefore, it is the
second to 7, parameter describing the above mentioned
risk. The power loss produced in insulation-to-ground of
a single phase e.g. a is given by the following formula

2
Pa:Us'ga :‘E_ﬁ‘ ‘2, (9)
The formula for P, ,... can be obtained in the same

way as Iy pay :

2
P, (B,G)= E -Max [ {27B°G forB,G >0},

amax W

{18B°G +2G’ + 2/(-3B> +G?)* for %z B >0},

{4G* for B,G >0}, {3+/3B> +3/3BG> +9B’G +2G’ +

(10)

+2G\/3/3GB* +9B2G? +33BG’ + G*
for G>0and 0<B<+3G},
{-3v3B(B? +G?)+9B>G+2G* +
+2G/-3v3GB? +9B2G2 - 33BG’ + G*)

G
(2+\B)} ]

for G>0 and 0<B<
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Some results of the calculation according to the
above formulas are enclosed in the following table. Each
row (row number: k=1,2,3,4,5 - then B=0.5k in [mS])
contains P, values in [mW] for five values of G from
0.5 to 2.5 [mS] (then G=0.51 (I-column number) in
[mS])). The calculations were done for E=1 [V]. For the
other E values, each result should be multiplied by E*.

Table 1

Values of P,,.,[k,l] for {k, 0.5, 2.5, 0.5}, {1, 0.5, 2.5, 0.5}]
{{0.845108, 1.11962, 1.33299, 1.54219, 1.75358},
{1.2, 1.69022, 1.99955, 2.23923, 2.45594}%,
{1.35, 2.09338, 2.53532, 2.86202, 3.12585},
{1.41176, 2.4, 2.95715, 3.38043, 3.71728},

{1.44231,2.58621, 3.31067, 3.81295,4.22554}}

Based on the calculation results contained in the
above table, it is possible to plot a special diagram
presenting dependence of P, on the insulation equi-
valent parameters B and G. This however has been
omitted here because of the similar appearance to Fig.5.

6. Conlusion

1. Knowledge of maximum possible operating
parameters such as voltages, ground fault and leakage
currents of unearthed networks is necessary for the
correct assessment of hazards to electrical systems
safety. As shown in the paper, these parameters may in
certain conditions exceed the levels commonly assumed
to be the highest ones.

2. In case of extremely asymmetrical distribution of
insulation conductances and susceptances, the highest
phase-to-ground overvoltage to be expected in three-phase
unearthed networks is 2.366 x nominal phase voltage.

3. With the help of Wolfram Mathematica it is
possible to obtain exact formulas and numerical values
for maximum levels of the analyzed operating
parameters of unearthed networks. Application range of
the presented analytical methods is theoretically
unlimited and covers all values of insulation parameters
met in real LV and MV networks.
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OIIHKA JITAITA3OHIB
3MIHU EJJEKTPHYHHUX ITAPAMETPIB
Y TPUOAZHUX HEY3EMJIEHUX
MEPEXAX

Hezapu Onsmosens, [IboTp OnbinoBens

Poboui mapameTpu eJIeKTPUYIHHUX Mepex, Taki sk (azori
HANPYTH, CTPYMH BUTOKY, CTPYMH KOPOTKOTO 3aMHKaHHS Ha
3eMIt0, € BUpiwanbHumMu Uit Ge3ueurol paboru LMx CUCTEM.
BononinHg 3HaHHAMHM NP0 MaKCHMAIBHO MOKIHBI 3HAUYCHHSA
pobouNX TMapaMeTpiB MepeXk € HeoOXITHUMM IS MPaBIIBHOT
OLIHKM YNCICHHHMX PH3MKIB. Ha meif wac Bce me He icHye
KOIHUX TIPOCTHX METOMIB, siki G JayM 3MOTY BH3HAYaTH
HalBMIIMH piBeHB LMX mnapamerpiB. Y wuifi crarri mpex-
CTaBICHO HOBHMH MIAXIA DO OLUHKH [Iiama3oHIB 3MIiHHOCTI
pobounx mapameTpie y TpudasHHUX HEy3eMIJICHHX MEpPexax 3
nonomororo Wolfram Mathematica 9.
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