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Abstract Due to the acceleration of energy transition, renewable energy sources are continuously
increasing. This may cause renewable energy sources to be concentrated in certain areas, which may
create bottlenecks between power plants and loads, and negatively affect the stability of the entire
power system. Bottlenecks may cause power shortages in loads or limit the integration of renewable
energy. In this paper, we propose a low-frequency transmission technology to solve these problems, and
select the installation location of the proposed low-frequency transmission system using the grid
partitioning technique. Low-frequency transmission is a power transmission technology that uses a
frequency of approximately 20 Hz. We evaluate the stability based on the grid where the low-frequency
transmission system is installed. The grid partitioning is performed using the IEEE 39 bus system, and
the stability analysis of the grid where the low-frequency transmission system is applied is performed,

and the simulation is performed using MATLAB.
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[Fig. 1] Conceptual diagram of a low-frequency
transmission system
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(Table 1> IEEE 39 bus system generator data

Bus Pe(MW) Qs(Mvar) | Bus Pe(MW) Qcs(Mvar)
30 250 162 35 650 210
31 520 221 36 560 100
32 650 207 37 540 -1.37
33 632 108 38 830 21.7
34 508 167 39 1000 785
(Table 2> IEEE 39 bus system load data
Bus PL(MW) Qu(Mvar) Bus PL(MW) Qu(Mvar)
1 97.6 44.2 21 274.0 115.0
3 322.0 24 23 247.5 84.6
4 500.0 184.0 24 308.6 -92.2
7 233.8 84.0 25 224.0 47.2
8 522.0 176.6 26 139.0 17.0
9 6.5 -66.6 27 281.0 75.5
12 8.63 88.0 28 206.0 27.6
15 320.0 153.0 29 283.5 26.9
16 329.0 32.3 31 9.2 4.6
18 168.0 30.0 39 1104.0 250.0
20 680.0 103.0
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(Table 3> IEEE 39 bus system branch data

From To r X b
1 2 0.0035 0.0411 0.6987
1 39 0.0010 0.0250 0.7500
2 3 0.0013 0.0151 0.2572
2 25 0.0070 0.0086 0.1460
2 30 0.0000 0.0181 0.0000
3 4 0.0004 0.0071 0.6642
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3 18 0.0011 00133 02138 2-30 2.5000 16-21 4.6583
4 5 0.0008 0.0128 0.1342 34 2.9555 16-24 92128
4 14 0.0008 0.0129 0.1382 3-18 6.5669 17-18 11.0252
5 6 0.0002 0.0026 0.0434 4-5 49133 17-27 4.6383
5 8 0.0008 00112 0.1476 P 8609 1920 35083
6 7 0.0006 0.0092 0.1130 oo 20,600 o o
6 1 0.0007 0.0082 0.1389
5-8 6.3653 20-34 4.9842
6 31 0.0000 0.0250 0.0000
6-7 7.0995 21-22 5.9826
7 8 0.0004 0.0046 0.0780
. S 00023 00363 03800 6-11 10,5662 22-23 7.1177
9 39 0.0003 0.0083 3.6000 6-31 6.6867 22735 6.5000
10 1 0.0004 0.0043 0.0729 78 18.6908 23-24 3.5124
10 13 0.0004 0.0043 0.0729 8-9 1.8011 23-36 55797
10 32 0.0000 0.0200 0.0000 9-39 1.7084 25-26 3.3809
12 1 0.0016 0.0435 0.0000 10-11 22.1207 25-37 5.3967
12 13 0.0016 0.0435 0.0000 10-13 22.1542 26-27 7.0132
13 14 0.0009 0.0101 01723 10-32 6.5000 26-28 2.0047
14 15 0.0006 0.0072 1.0980 11-12 0.8513 26-29 1.9152
15 16 0.0009 0.0094 0.1710 12-13 0.8526 28-29 6.7071
16 17 0.0007 0.0089 0.1342 4 50889 2933 2671
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(Table 4 Electrical distance between bus

Bus-bus Electrical distance Bus-bus Electrical distance
1-2 2.2370 14-15 3.9052
1-39 1.7099 15-16 10.5872
2-3 6.1105 16-17 9.3774
2-25 63.1136 16-19 4.5170
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(Table 5) Spectral Clustering algorithm

Normalized Spectral Clustering Based on Symmetric
Laplacian Matrix

Input : nsample points X = {:1:17 Loy ooy wn}, number of clusters k.
1. Compute the 1 Xn similarity matrix 5.
2. Compute the degree matrix D.

3. Compute the normalized Laplacian matrix Lsym
—p12rp-1/2(p_ -1/2
Ly, =D LD (D—9)D

4. Compute the eigenvalues of L, and take the first k eigenvectors

sym
to form the matrix Uy U,

5. Construct the matrix U= {7L17 Uy oees “k}v where UER" ¥,
6. Let yiERk denote the i-th row vector of U, for i=1,2,...,n

of matrix Z,.,,

7. yiERk is normalized such that |y:|: 1.

8. Use the k- means algorithm to cluster the new sample points
V=it o, im0 Gy G G

Output : cluster Al,A A A, —{j |y, €C}.

q «— vertices
edges —

[Fig. 3] Graph theory concept of power system
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(Table 6) Load flow under normal system operation

Voltage Generation Load
Bus | Mag | Ang P Q P Q
(pu) (deg) | (MW) | (MVa) | (MW) | (MVar)
1 1.043 | -12.31 90.0 44.2
2 1.054 -9.89
3 1.039 | -12.14 300.0 24
4 1.026 | -12.36 515.0 184.0
5 1.020 | -10.89
6 1.021 -10.13
7 1.011 -12.36 240.0 84.0
8 1.011 -12.89 540.0 176.6
9 1.045 | -12.74 10.0 -66.6
10 | 1.030 | -7.99
1" 1.026 -8.72
12 1.014 -8.84 10.0 88.0
13 1.029 -8.79
14 1.031 -10.69
15 | 1.031 | -11.08 340.0 153.0
16 1.042 -9.92 360.0 323
18 1.045 | -11.62 150.0 30.0
19 1.053 -5.13
20 | 0992 | -6.60 750.0 103.0
21 1.038 | -7.30 310.0 115.0
22 1.052 -2.37
24 1.046 -9.76 330.0 -92.2
25 1.060 -8.86 220.0 47.2
26 | 1.060 | -9.87 130.0 17.0
27 1.049 | -11.49 280.0 75.5
28 1.056 -6.87 200.0 27.6
29 1.054 -4.34 250.0 26.9
30 1.050 -7.68 230.0 130.3
31 | 0.982 0.00 674.3 1721 15.0 46
32 0.984 0.15 670.0 154.3
33 0.997 0.32 660.0 90.8
34 1.012 -0.77 570.0 165.2
35 1.049 3.18 728.0 201.5
36 | 1.064 5.79 600.0 96.1
37 1.028 -3.09 460.0 -18.3
38 | 41.026 2.01 748.00 -11.63
39 | 1.030 | -12.60 | 1000.0 | -215.0 | 1000.0 | 250.0
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(Table 7) Load admittance

(Table 10) YLL admittance matrix

Bus Admittance Bus Admittance Row Col Value Row Col Value
1 0.83 - 0.41i 21 2.88 - 1.07i 1 1 4.48 7 8 296.65
3 2.78 - 0.02i 23 237 - 0.77i 2 1 -63.77 8 8 23.11
4 4.89 - 1.75i 24 3.02 + 0.84i 3 1 -2.06 9 8 -77.82
7 2.35 - 0.82i 25 1.96 - 0.42i 4 1 24.16 10 8 -4.86
8 529 - 1.73i 26 1.16 - 0.15i 1 2 63.77 27 8 -77.22
9 0.09 + 0.61i 27 2.564 - 0.69i 2 2 4.48 28 8 -4.79
12 0.10 - 0.86i 28 1.79 - 0.25i 3 2 -24.16 7 9 -4.86
15 3.20 - 1.44i 29 2.25 - 0.24i 4 2 -2.06 8 9 77.82
16 3.32 - 0.30i 31 0.16 - 0.05i 1 3 -2.06 9 9 40.62
18 1.37 - 0.27i 39 9.43 - 2.36i 2 3 24.16 10 9 -548.84
20 7.62 - 1.05i 3 3 64.65 11 9 -29.41
4 3 -211.87 12 9 382.35
5 3 -5.66 15 9 -6.35
(Table 8> YGG admittance matrix 5 3 6574 6 9 58.83
Row Col Value Row Col Value 49 3 ~56.93 ! 10 “77.82
2 1 -65.25 12 11 -69.93 %0 3 6994 8 10 486
1 2 55.25 1 12 69.93 ! 4 ~24.16 9 10 54884
3 3 016 3 3 068 2 4 -2.06 10 10 40.62
2 3 20,05 m 3 675 3 4 211.87 11 10 -382.35
3 4 40.05 13 14 36.75 4 4 64.65 12 10 ~2941
2 2 016 P Py 068 5 4 -65.74 15 10 -88.83
6 5 -50.00 15 15 111 6 4 5.6 16 10 635
5 6 50.00 16 15 -43.07 49 4 6994 9 i 2941
7 7 346 5 6 13.07 50 4 -56.93 10 11 382.35
8 7 -70.25 16 16 1.11 3 5 5.6 1 1 4681
7 8 70.25 7 7 328 4 5 65.74 12 11 -646.45
8 8 3.46 18 17 -63.93 5 5 23.18 13 1 ~7.06
9 9 277 7 8 63.93 6 5 -280.19 14 11 108.24
10 9 -55.42 18 18 3.28 ! 5 856 21 i ~1034
9 0 5542 9 9 15.82 8 5 140.32 22 1 121.07
10 10 277 20 19 -159.93 % 5 618 9 12 38235
36 5 74.68 10 12 -29.41
3 6 -65.74 11 12 646.45
{Table 9> YGL admittance matrix 4 6 566 12 12 46.81
5 6 280.19 13 12 -108.24
Row Col Value Row Col Value 6 6 23.18 14 12 -7.06
19 1 -1.60 9 39 -2.75 7 6 -140.32 21 12 -121.07
20 1 39.94 10 39 54.92 8 6 -8.56 22 12 -10.34
19 2 -39.94 9 40 -54.92 35 6 -74.68 11 13 -7.06
20 2 -1.60 10 40 -2.75 36 6 -6.18 12 13 108.24
2 3 53.90 12 43 68.22 5 7 -8.56 13 13 28.17
1 4 ~53.90 1 a4 ~68.22 6 7 140.32 14 13 -324.72
4 11 37.38 13 45 -0.68 7 7 23.11 15 13 -18.76
3 12 -37.38 14 45 36.75 8 7 -296.65 16 13 215.76
19 17 -4.79 13 46 -36.75 9 7 -4.86 11 14 -108.24
20 17 119.81 14 46 -0.68 10 7 77.82 12 14 -7.06
19 18 -119.81 15 49 -1.09 27 7 -4.79 13 14 324.72
20 18 -4.79 16 49 42.02 28 7 77.22 14 14 28.17
6 19 46.73 15 50 -42.02 5 8 -140.32 15 14 -215.76
5 20 -46.73 16 50 -1.09 6 8 -8.56 16 14 -18.76
7 37 -3.24 17 57 -3.20
8 37 65.66 18 57 62.38
7 38 -65.66 17 58 -62.38 A|AHI] ojtu|e A FHL YEYT AFPS) v 4]
s [ s | oo ] 6 | % | 0%  groz mgss, o} ol=udag A8l Gy,
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(Table 13) Generator initial variable value

Gen | 5(0) | V,(0)| V,(0) | 7,(0) | 7,(0) | £ (0)| E,(0)
1 | 425 | 103 | 022 | 211 | -1.37 | 097 | 013
(Table 11) YLG admittance matrix > Te0081 060 | 08 | 586 | 240 | o8z | 050
Row Col Value Row Col Value 3 |50.11| 0.63 0.75 5.56 4.23 0.82 0.50
4 1 53.90 45 14 -36.75 4 |5837| 053 | 085 | 422 | 518 | 079 | 0.64
3 2 -53.90 46 14 -0.68 5 |4462| 071 | 072 | 519 | 272 | 081 | 054
12 3 37.38 49 15 -1.09 6 [51.04] 070 | 078 | 561 451 088 | 055
" 4 ~37.38 50 15 42.02 7 |s692| 067 | 083 | 339 | 460 | 085 | 0.69
20 5 4673 49 16 ~42.02 8 |4896| 063 | 081 | 299 | 334 | 078 | 068
19 6 ~46.73 50 16 109 9 [5812] 057 | 085 | 353 | 638 | 0.8 | 0.69
37 7 -3.24 57 17 -3.20
- ; e =5 = 0. 10 2450 | 082 | 062 | 907 | 404 | 092 | 039
37 8 -65.66 57 18 -62.38
33 8 -3.24 58 18 -3.20 )
39 9 -2.75 1 19 -1.60 E%% §7] %ﬁ,\_%}:% % FH Hc]';gﬂ% 7]‘?}_’2% AG,
40 9 54.92 2 19 39.94 B, Cg, Dg FEL A5lH, o] Table 14-172 Y
R I Ehith JAE FEL 7oR WRgke P olF
44 11 68.22 1 20 -39.94 7]% ’/’3‘73 7]‘5‘} /\]-/—\-E\ﬂ—g] 1‘%%}:34‘ H]—W—é c}ﬁ—gtq, Table
43 12 -68.22 2 20 -1.60 182 UERALE
45 13 -0.68 17 20 -119.81
46 13 36.75 18 20 -4.79

(Table 14) AG matrix

Row Col Value Row Col Value

(Table 12) IEEE 39 bus system generator data 5 ] Ry 12 1 378
o = B 3 7 7, 1 2 376.99 1 12 376.99
2 2 -0.90 12 12 ~1.44

1 3.10 5.56 0 0.04 0.04 2 3 ol " 3 v
2 4.20 4.00 0 0.03 0.08 3 4 376.99 13 14 376.99
3 2.43 9.00 0 0.05 0.05 7 2 T ot ” ” e
4 3.45 14.00 0 0.05 0.05 s 5 .80 1 5 76
5 348 10.00 0 0.04 0.04 5 6 376.99 15 16 376.99
6 2.64 8.00 0 0.04 0.04 6 6 -1.40 16 16 -1.85
7 2.86 3.00 0 0.04 0.04 3 7 366 18 17 -3.49
8 2.60 3.00 0 0.05 0.05 7 3 376.99 17 18 376.99
9 3.58 10.00 0 0.05 0.05 8 3 -0.58 18 18 -2.03
10 3.03 9.75 0 0.05 0.05 10 9 -4.80 20 19 -4.78
9 10 376.99 19 20 376.99

10 10 -1.75 20 20 -0.48

FolA =& o=rEA FEL 7 B 3 AT
282 UEhdth iz 2AE A7) oj=n’|AE 7]
o2 3, vz 84 A% ojENEAE
& FRItt olg B9l AT W ARt A9 #AE
A 5 Sl

1HRE 109714] E317] m2hie= Table 1297 4
el W= H, H3A5 D, AF Ra, A= A
2 x"§ AMgstglen, ol 7lites 1071 Hd719) =
7l Wagte EESIT. 27] A% V(0), 27 AR
10), 271 2= 6(0), 271 2= A4 E'(0)= 24 &
719 B4 AJHE UEH, Table 1391 YERHTE

(Table 15) BG matrix

Row Col Value Row Col Value
2 1 0.24 12 1 -1.22
2 2 3.95 12 12 3.54
4 3 -1.14 14 13 -1.59
4 4 2.96 14 14 4.95
6 5 -0.96 16 15 -0.67
6 6 2.84 16 16 4.68
8 7 -1.29 18 17 -1.17
8 8 3.67 18 18 3.36
10 9 -0.91 20 19 -0.11
10 10 4.76 20 20 4.78
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(Table 16) CG matrix

Row Col Value Row Col Value
1 1 24.49 I 11 24.66
2 1 -1.50 12 1 8.49
3 3 17.89 13 13 26.12
4 3 6.87 14 13 8.39
5 5 20.32 15 15 22.74
6 5 6.87 16 15 3.25
7 7 19.07 17 17 23.17
8 7 6.73 18 17 8.08
9 9 27.21 19 19 40.13
10 9 5.22 20 19 0.94
(Table 17) DG matrix
Row Col Value Row Col Value
2 1 25.00 12 1 25.00
1 2 -25.00 Ikl 12 -25.00
4 3 20.00 12 12 0.00
3 4 -20.00 14 13 25.00
5 5 0.00 13 14 -25.00
6 5 22.22 16 15 22.22
5 6 -22.22 15 16 -22.22
6 6 0.00 17 17 0.00
8 7 20.00 18 17 22.22
7 8 -20.00 17 18 -22.22
10 9 28.57 18 18 0.00
9 10 -28.57 20 19 40.00
11 11 0.00 19 20 -40.00

{Table 18) Power system stability analysis with low
frequency transmission system installed

Eigenvalue
Mode High voltage ac low frequency ac
transmission system transmission system

A1, A2 -0.72 £ 11.31i -0.70 + 09.29i

A3, A4 -0.70 + 32.63i -0.70 £ 32.69i

As, Ae -0.74 + 32.09i -0.49 £ 29.85i

A7, Ag -0.58 + 31.66i -0.74 + 32.16i

Ag, A1o -0.47 £ 29.57i -0.57 + 31.76i

An, A -0.92 + 21.26i -0.94 + 21.84i

A1z, Aig -0.69 * 22.49i -0.67 * 23.25i

Ats, Aig -0.69 + 25.68i -0.62 * 26.46i

A7, Aig -0.59 £ 26.13i -0.68 + 25.84i

A9, A2 -0.66 + 26.07i -0.66 + 26.07i
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