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11
12 Abstract: Corona loss generated from conductors is one of the important design factors on ac
13 transmission lines. Based on helical charge simulation method, the 3-D calculation model for
14 corona loss considering the conductors’ outer strands in the corona cage is established. With regard
15 to 2-D corona-loss calculation method, the calculation model proposed in this paper can take the
16 electric field strength’s nonuniformity along the axial direction of stranded conductor into
17 consideration, furthermore, it can also calculate the corona loss when the conductor has sag. The
18 calculation results of the LGJ-300/40 and LGJ-400/35 in the small corona cage well coincide with the
19 measurement results, which indicate that the corona-loss calculation model is appropriate. In

20 addition, the corona loss of the bundle conductors 4 x LGJ720 with sag in UHV corona cage is also
21 analyzed.

22 Keywords: corona loss, helical charge, 3-D calculation model, stranded conductor, sag

23

24 1. Introduction

25 In alternating current (AC) lines, when the field strength around transmission line exceeds the
26 breakdown electric field strength of air, the air near the conductor is ionized, which is called corona
27  discharge. The corona discharge results in the production of different space charge (positive ions,
28  negative ions and electrons), the charge carriers showing different polarity with the conductor are
29  attracted to the conductor and may lose their charge on the conductor surface while those with
30  similar polarity with the conductor are pushed away from it towards the ground. The energy loss
31  caused by such back-and-forth movement of space charge in power cycle is called corona loss.
32 Corona loss, which has been researched for many years, shows important significances for
33 conductors selection, and is a considerable criterion for measuring the operation economy of
34 transmission lines [1-4].

35 Up to now, AC conductors’ corona loss has been extensively studied through experiments
36  using small indoor corona cage, large outdoor corona cage and test lines. The test results show that
37  these factors including conductor radius, bundle number, bundle spacing, distance to ground and
38  surface roughness coefficients can influence corona loss [5-12].
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39 When AC voltage is applied, the space line charge will go back and forth at power frequency,
40 and it's more difficult to calculate ac ion-flow field, therefore, there is little research on the
41 calculation model of AC conductors’ corona loss. Clade, Abdel-Salam, Li, Liu researched the
42 calculation model. Clade calculated the corona loss of single conductor in corona cage based on
43  Kaptzov and Deutch assumptions while ignoring the influences of space charges on the electric
44 field direction[13-15]. By abandoning the Deutsch assumption, Abdel-Salam researched the single,
45  triple and multi phases transmission-line corona loss, but he did not consider the inhomogeneity of
46  electric field on the conductor surface and believed that charges on the conductor surface are emitted
47  uniformly [16,17]. By taking charge emission’s inhomogeneity on the conductors surface into
48  consideration, Li researched the ion flow of multiphase and bundle conductors [18]. Liu adopted
49  the Li’s improved calculation model and researched the corona loss of single and bundle conductors
50  in the corona cage [19,20].

51 However, the present corona loss calculation models are all for 2-D models, which assume that
52 the conductor has infinite length as well as smooth and straight structure, ingoring the electric-field
53  strength’s nonuniformity along the axial direction of stranded conductor. Due to the finite length
54 and conductors’ external twisting structure, the electric field strength on the conductor surface were
55  uneven. Meanwhile, the 2-D calculation model can’t take the conductor’s sag or wind lean into
56  consideration either. so it is necessary to develop a 3-D calculation model for corona loss .

57 In this paper, simulation charges which have the same spiral form as the outer strand of the
58  conductor are used to calculate corona loss of the conductor owing to spirally wounded outer
59  strand of the conductor [21]. Every corona cage wall is equivalent to the ground plane and
60  simulated by the helical charge as well. By utilizing the Kaptzov assumption and abandoning the
61  Deutsch assumption, the processes including emission, transfer and recombination of space line
62  charges are simulated considering the inhomogeneity of charge emission on the surface of
63  conductor, and the 3-D calculation model for corona loss in the corona cage is established. The
64  calculation model’s accuracy is verified through test data in small corona cage and UHV corona

65  cage.
66 2. Calculation methods

67  2.1. Twisting form of the external of stranded conductors

68 The conductors’ outer strand is spirally winded on inner strand. If a point M(x,y,z) in a space
69  rotates about x axis at the angular velocity » on a cylindrical surface y>+z=R? ,and rises along the
70  positive direction parallel to x axis at the linear velocity v, the motion track of point M is known as a
71 helical line. When wt=2x, the distance 1 of point M moving along the axial direction is called the
72 pitch. As shown in Figure 1, the pitch length L, = PFX 2R in engineering, PF is the conductor’s pitch
73 factor and R is outer diameter. Parameters of two common conductors are shown in Table 1 [23].
74 Hence, the location of point M which is related to the L, and the conductor radius R can be obtained
75 through (1)—(3).

L
x=—126
76 2r (1)
.| 27mx
=Rsin| —
Y L
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80 Figure 1. External twisting form of the stranded conductors
81 Tablel. Parameters of two common stranded conductors
Aluminum strands
d the conductor Ly
Conductor Number of outer Diameter of outer radius R (mm)  (mm) PF
strands no strands R (mm)
LGJ300-40 15 3.99 23.94 277 10-12
LGJ400-35 22 3.22 26.82 300 10-12
82 2.2 Helical charges
83 The simulation helical charges are placed inside each strand of the external layer and take the

84  same helical shape as the strand and repeat along x-axis after a pitch, assuming that conductor is
85 finite long and segmented into finite number of pitches (-k...,-1,0,1,...+k), in each pitch, any helical
86  charge, g1, is divided into 7 finite line charges, having length I and equal projections along the x-axis,
87  as demonstrated in Figure 2. The number of simulation helical charges g is assumed to be 3 times
88  the number of strands in the outer layer (3 xno), 1y simulation helical charges are placed on corona
89  cage walls, that is, the total number of simulation line charges with an equal pitch is N=nX(3X

90  netng). Owing to simulation line charges are repetitions of equal pitch along x direction, the
91  unknown simulation line charges are only those in Pitcho, and the rest simulation line charges can be
92 obtained through the coordinate transformation.
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Figure2. Helical charges

Coordinates of simulation line charges and boundary points.

Figure 3 illustrates the cross section of LGJ400-35 which has #n0=22, an overall radius
R=13.41mm in the corona cage. Where, the red ‘0’ and blue ‘X’ represent the arrangement points of
simulation helical charges and boundary points, respectively. Inside each strand of the outer layer,
the three helical simulation charge gu1, gizand g3 are assumed to be spaced radially from the strand center
with the distances of fiRg, f2Rgand f3R;, where, Rgis the strand radius, 0<f=fsi<fi<l. ¥ indicates the
deviation angle of helical charges g2 and gis to gii. When a corona cage with a square section is
equivalent to a cylindrical one, the equivalent diameter Reage=1.08xL, L is the cross-section dimension
of the corona cage [4]. In order to verify whether the potential boundary conditions are met, the
boundary points with the same number and deviation angle are chosen on the outer strands and
corona cage surface corresponding to the each simulation line charge, hence, N boundary points are
chosen for Pitcho, and each boundary point lies on its locus at the middle of the corresponding
simulation line charge. The sketch map of helical charges with Pitcho is shown in Figure 4.

Due to the simulation linear charges with charge Qj(Q=g¢j0/=1, 2, ..., N), supposing that the
starting coordinate is Am(xm,ymzm) and the length is Ij, the potential coefficient Pij and field strength
coefficients fxij, fyijand fzijat arbitrary point Ai(xiyizi) are shown as follows:

f—x1)+7]

/
Pi' = 1 n(
P ame )| (—x)+0

4)
1 [1 1
) _;‘3} 5
fy[j: 1 I 2)’1 _ (lj_xl)_'_ﬁ
47[8011 _(yl) +(Zl) V4 1) (6)

fzy = 1 { 221 zlli(lj_XI)+ﬁ]
4”8011' (yl) +(Zl) V4 o (7)

Where,
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123 Figure 4.The location of helical charges and boundary points in the cross section.(a) Arrangement of
124 simulation helical charges and boundary on the corona cage and conductor; (b) Arrangement of
125 simulation helical charges and boundary on the conductor.
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126 Figure4. Helical charges’ arrangement of with Pitcho on the conductor (a) Main view of helical
127 charges” arrangement (b) Top view of helical charges arrangement
128  2.3. Corona onset and charge emission
129 According to the Kaptzov assumption, the corona onset charge at different points on the

130 conductor surface is calculated by considering the influences of space charge. Supposing that
131  voltage Ui= Uap *sin(w «t)is applied at moment ¢, then,

132 Pt * Pruce Qe + PragOunge = U, 13)
133 P i1 Qeona + Rvpaselepace + Pcage1Qcage =0 (14)
134 E =E, cosdcosf+E sinf+E sindcosf (15)
135 E,=E cosdsinf+E cosf+E, sindsinf (16)
136 E =E sino+E_ coso (17)
137 Where,

138 Bt = FoniOeont * FguecOupce + Fics O as)
139 Eyy = BeondOuons + FpaeeOopuce * e Oee 19)
140 E = fze0maQeona T FspaceQspace T S2eageOeage (20)
141 In (13), (14), (18) and (19), Qeond, Qspaceand Qeage represent the vector of simulation line charges of

142 the conductor, space and cage walls, respectively.
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143 In (13), Peond, Pspace and Pesge are the potential coefficient matrix of Qcond, Qspace and Qeage to the charge
144 emitting points on the surface of the conductor, respectively.
145 In (14), Peonai, Pspacer and Peager are the potential coefficient matrix of Qcond, Qspace and Qeage to the
146  boundary points on corona cage wall, respectively.
147 Equating the applied voltage with calculated potential at boundary points, the unknown
148  simulation charges can be determined through (13) and (14).
149 In (15)-(17), 6 and Bare the inclination angles vector of line charges having length [ on the x-y
150  and x-z planes, as demonstrated in Figure 5.

A7
o
: L, X
£y
/ )
y

151
152 Figure 5.theinclination angles of linear charges on thex-y and x-z planes
153 In (18), fxcond, fxspace and fxcge are the field strength coefficients matrix of Qeond, Qspace and Qeage to the
154 emitting points on the conductor surface at the x direction, respectively.
155 In (19), fycond, fyspace and fyjeage are the field strength coefficients matrix of Qeond, Qspace and Qeage to the
156  emitting points on the conductor surface at the y direction, respectively.
157 In (20), fzcond, fzspace and fzage are the field strength coefficients matrix of Qcond, Qspace and Qeage to the
158  emitting points on the conductor surface at the z direction, respectively.
159 The corona onset electric field strength Eo is calculated using Peek’s formula. When the electric

160 field strength on the conductor surface is Eon inn (21), the vector of conductor charge is defined as the
161  corona onset charge Qwirand Qwi, which is used as the criteria.

E,=E.+E +E,

162 1)

163 At moment ¢, comparing Qend with the corona onset criteria Qi+ or Qei- to judge whether points
164 on the conductor surface are corona onset. For example, for the r#simulation line charge point of the
165  conductor, the rn element of Quu is selected for comparison with the ruelement of Qe or Qeri-. If
166 Qeond>Qerivyr OF Qeond<Qeri-r, the rm point on the conductor surfaces emits charges to the space.
167  Supposing that the emitting charge vector on the surface of the conductor is Qemi, the rnelement is
168 Qemir= Qeond.r- Qeriv,r OF Qemir= Qeondr-Qeri-r and the Qeond,r changes into Qericr ot Qeri-r.

169  2.4. Charge migration and recombination

170 When the polarity of the space line charge is same or different from that of the conductor, the
171  space line charge will be pushed away from or attracted to the conductor. In the calculation model,
172 within a time interval 4, the displacement of space line charge Adxat the x direction is

173 Ad,=u-E, At (22)

174 The displacement of space line charge Ady at the y direction is
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Ad, =u-E, -At (23)
The displacement of space line charge Ad: at the z direction is

Ad =u-E -At (24)

Where, 1 is the ion mobility. Ex, Eyand E:represent the electric field strength at the x, y and z
directions, respectively.

Due to the recombination of positive and negative charges, the charge quatity gradually
reduces, the charge density decreases as time passes. During At, at the beginning, the ion space
charge density is

_ |qi0|
eV (25)
In (25), e is the quantity of electronic charges, e=1.6x10°C, giis the iy space line charge quantity,
and Awvi is the spherical control volume of gio.

Therefore, after time At, the in space line charge changes to be

dio

S n, YA

(26)

In (26), the recombination coefficient Y"is 1.5x10-12 m3/s.

2.5. Calculation of corona loss and corona current

The space line charge moves back and forth in the AC electric field and the consumed energy is
corona loss. When the ix space line charge moves Adix, Adiyand Ad:at the x, y and z directions, the
corona loss is

W.=gq,-E, Ad, +q; 'Eiy 'Adiy +q,-E.-Ad, (27)

The corona power loss in a frequency term is

Ny
W=22W

cycle i=1 (28)

In (28), Nsc indicates the number of space line charge in a time step. And cycle is the time step
quatity in a term. The power of corona loss of the conductor in unit length is

pey
cond (29)

In (29), f and lcona represent the power frequency and conductor length, respectively, /=50Hz.

The total corona current l.r consists of displacement current luis and conduction current leond,
sy can be expressed by the variable quantity of simulation charge on conductor surface, but the
capacitive current Iy before the corona onset must be drawn from the luisp. And Ieond is related to the
movement of the ion space charge.

1(,'()7' = ([

disp [cap + Icand ) / lc

ond ( 29)

Where,

do0i:10.20944/preprints201711.0014.v1
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AZ qcand
206 I, =—2 30
disp At ( )
AZ qcond,uncor
207 [o=— 31
cap A ¢ ( )
2
208 o = 3 L (32)
N ut
209 In (30)-(32), geona is the simulation charge of the conductor considering the corona discharge,

210 geonduncor is the simulation charge of the conductor ignoring the corona discharge. N1 is the quantity
211 of geond, gspace is the charge quantity of space line charge, Esis the electric field at gspe’s location, and u:
212 is the applied voltage at the moment f.

213 3. Corona-loss calculation and analysis of single stranded conductor in the small corona cage

214 Literature [19] presents the test results of corona loss of a single stranded conductor LGJ-300/40
215  and LGJ-400/35 in a small corona cage with a cross-section dimension of 1.8 m. The total length and
216  the measuring section length are 4 m and 3 m, respectively, and the protection section length in both
217  sidesis 0.5 m. Due to the test ambient atmosphere pressure, temperature and humidity were 101.15
218  kPa, 25.3°C and 29.8%, the positive ion motility x+ and negative ion motility w. are selected,
219 p=1.5x10“m?/(V-s) , 1.=1.92x10-m?/(V-s)[22]. By setting the pitch factor PF and surface roughness
220 coefficient m to be 11 and 0.78 for LGJ-300/40, 11 and 0.83 for LGJ-400/35, and assuming that the
221  conductor length calculated is 3 m. Each power cycle has been divided into 200 steps which
222 represent a good compromise between the accuracy and the computational time, the changes of
223 corona loss with the increase of test voltages was studied, as shown in Figure 6, and comparison
224 between the measured results and calculated values is shown in Table 2 and Table 3. It can be seen
225  that the calculated values agreed satisfactorily with the measured values, but the calculation error is
226  larger at the corona onset point, one possible reason giving rise to the result described above is: the
227  actual conductor surface roughness is non-uniform, the random electric discharge firstly appears at
228 several points on the conductor surface with the rise of voltages, but the overall corona onset on the
229  conductor surface will occur only when the applied voltage increases to a certain degree. Therefore,
230  the 3-D corona-loss calculation model can reflect the actual physical process of corona discharge.

304 A
A Measurement ‘ / = Measurement
|—»— Calculation ;) 501__ cCalculati
25
T —
E 40-|
5] s
Py @ 30
815 g
o ©
c c
2 104 S 20 7
] S
8 8 /
5 a 10 :
A /
A A »/ n "V
0 ——— 0+ —————v"
T T T T T | T T T T T T T 1
40 60 80 100 120 140 160 90 100 110 120 130 140 150 160 170
Voltage (kV) Voltage (kV)
(a) (b)

231 Figure 6.Calculation and measurement results of conductors corona loss:(a)LGJ300-40; (b)LGJ400-35

232 Table2. Relative error between calculation and measurement results for LGJ300-40

Voltage applied(kV) Test values (W/m) calculated values (W/m) error (%)
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114.4 2.87 1.03 -64.22
127.42 11.03 9.60 12.9
133.26 16.20 15.46 4.57
139.27 23.03 23.06 -0.11
144.36 29.84 28.79 3.50

Table3. Relative error between calculation and measurement results for LGJ400-35

Voltage applied(kV) Test values (W/m) calculated values (W/m) error (%)

123.79 1.59 0 100
141.23 11.32 9.68 14.49
153.15 27.27 26 4.66
157.90 35.9 35 251

For LGJ300-40, Uwy=140kV. Figure 7 shows how the single-conductor corona loss changes with
the cycle no., the steady state solution is achieved after three cycles and the corona loss value did
not change significantly from one cycle to another. The corona current waveform is shown in Figure
8. The motion trajectories of space line charges corresponding to different instants of the voltage
cycle are shown in Figure 9.

The cycle begins at point a, with the applied voltage U=0 and starting to increase in the
positive half-cycle, a mass of negative space line charge created in the preceding negative half cycle
is located at some distance away from the conductor, as shown in Figure 9(f). From point a to b,
with the positive voltage increases, the electric field surrounding the conductor also increases, so
the negative space line charges move back to the conductor at increasing speed. At point b, the
conductor surface electric field equals Eo, thereafter, positive corona discharge occurs on the
conductor and the positive ions generated move away from the conductor, while the electrons are
neutralized on the contact with conductor, the space line charge situation is depicted in Figure 9(a).
The positive corona discharge continues till point ¢, the corona discharge disappears, considering
that the conductor surface electric field is reduced by the mass of positive space line charges
surrounding the conductor, the voltage of the corona activity quenching is higher than that
corresponding to corona onset, as shown in Figure 9(b). the positive space line charge reaches the
largest distances at the point d. and the situation in negative half cycle is similar to the positive half
cycle except for the polarity’s changing, the negative corona starts at point e and ends at point f, the
space line charges trajectories is shown in Figure 9 (d) and (e).

do0i:10.20944/preprints201711.0014.v1
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Figure7. Variation of corona-loss calculation results in the 16 cycles
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261 Figure 9.Space line charge trajectories above corona onset: (a) Positive corona onset; (b) Positive ions
262  moving away; (c) Positive ions return; (d) Negative corona onset; (€) Positive and negative ions moving
263  on the contrary; (f) Negative ions return.

264 4. Corona-loss analysis of bundle-sag conductors in the UHV corona cage

265 The calculation model proposed in this paper can also analyze the corona characteristics of the
266  conductor which has sag. In figure 10, the UHV corona cage set in Ping’an County, Xining City,
267  China (elevation 2,200 m), with a square cross-section (8 m x 8 m) and a total length of 35 m was
268  used. The corona cage is composed of a 25 m long measuring section and two protective sections on
269  each side of the measuring section, being 5 m long respectively. Based on the self-developed
270  integrated photoelectric corona loss measurement system, the test was carried out for bundle
271  conductors 4 x LGJ720 on a calm day without wind, the bundle spacing is 450mm,the equivalent
272 roughness coefficient value m is adopted as 0.75, PF is selected as 10, R=18.12mm, R; =4.529mm.The
273  test ambient atmosphere pressure, temperature and relative humidity were 78.5-78.8kPa,
274  10.2-15.3°C and 68.8-82.8%, so u+ and - are selected as 1.32x10+ m?/(V-s) and 1.65x10 m2/(V-s)
275  respectively[22]. The diagrammatic sketch of conductors with sag in calculation model on front
276  view is shown in Figure 11, the changes trend of conductors at the axial direction is approximate to
277  the parabola in corona cage, coordinates matrix of bundle conductors with sag can be obtained by
278  the coordinate matrix’s shifting transformation and rotation transformation from long and straight

279  conductors by (33).

X, X
280 [Bl=| ¥, |=[4][M ][M,]=| Y |[M,][M,]

Z, z (33)
281 In (33), B is coordinates matrix of bundle conductors with sag, A is coordinates matrix of long and

282 straight conductors, M: is matrix of shifting transformation, M: is matrix of rotation transformation.

283 And the conductors with sag between 0.15m and 0.25m is calculated. As is shown in Figure 12,
284  test results are compared with calculation results. It can be seen that the corona losses calculated
285  around the vicinity of corona onset point have significant differences on different conductors’ sag

286  condition, however, as the applied voltage increases, the corona loss has the trend of closing to the
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287  one certain value. And the conductors with sag=0.2m can approximate the practical situation more

288  accurately.

Reactor

UHYV corona cage

4xLG720 M
bundle conductors gl

" RN ‘ﬁ‘,«n.aa.\Auh.‘A>.h..A

289
290 Figure 10. UHV corona cage at Ping’an
Corona cage
Bundle straight conductor’'s center line
TSag
~ .
Bundle—sag conductor’s ceriter line
291
292 Figure 11. The conductor with sag in calculation model on front view
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295 5. Conclusion
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296 Based on helical charges, the Kaptzov assumption is used and the Deutsch assumption is
297  abandoned, and the inhomogeneity of space line charge emission and the actual structures of
298  conductor are taken into consideration. By introducing the measuring value of ion mobility and
299  simulating the processes including emission, transfer and recombination of space line charges, the
300  calculation method for 3-D corona loss of the conductor in the corona cage is established.

301 The test results of corona loss well coincide with the calculation results on single stranded
302  conductor and bundle-sag conductors in different corona cages. Compared with 2-D corona loss
303  calculation models, the model in this paper can take the electric-field nonuniformity along the axial
304  direction on the conductor surface, it is more accurate to analyze physical process of corona
305  discharge.
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