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High Surge Impedance Loading (HSIL) design of long power lines can reduce or eliminate the 
need to install series capacitor banks. This not only saves costs but also improves the system 
reliability and reduces the environmental impact. Series capacitor banks increase the maximum 
power transfer capability and improve the stability limits of long transmission lines. However, 
these benefits come with undesirable trade-offs such as subsynchronous resonance and complex 
protection settings. To evaluate the impact of HSIL on system planning and operations, a suitable 
line was selected from the existing Eskom network and the Power System Simulator for 
Engineering (PSS/E) and the Voltage Security Assessment Tool (VSAT) software were used to 
determine the effects of replacing an existing series compensated line with an HSIL line. The 
paper reports on the procedure followed to suggest a workable HSIL configuration, followed by 
the analysis of replacing an existing series compensated line with an HSIL line. The findings of 
the increased SIL line are discussed and compared to the reduction of the line impedance as a 
result of the inclusion of a separately installed series capacitor. The conclusion indicates that the 
HSIL line is a viable alternative to a standard line design with series capacitor compensation.  
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1. Introduction 

When system planners and line designers 
embark on a process of procuring new 
transmission assets to extend or strengthen 
the Main Transmission System (MTS), the 
focus is on new techniques that can be 
introduced to increase the amount of power 
that is transported per corridor (MW/m2) and 
to reduce the total investment cost 
(Rands/MW) [1] [2].  

Long transmission lines have a large series 
inductive reactance (much greater than 
resistance) that consumes a substantial 
amount of reactive power when transferring 
real power [3] [4]. The reactive power deficit 
results in angular and voltage stability 
restrictions [3] [5]. To reduce the real power 
flow restrictions, the inductive reactance of a 
long line must be reduced [4] [6] [1]. The 
conventional method used to increase the 
stability limits of a long line is to add series 
capacitor banks [5] [7] [3]. However due to 
the increase in servitude acquisition 
difficulties, statutory requirements and 
environmental considerations, Eskom is 
exploring other methods to optimise both new 
and existing assets [2] [8] [1].  

The search for optimised methods has 
resulted in the investigation of HSIL methods 
to increase the SIL of long transmission lines. 
SIL is also commonly referred to as the 
natural capacity of a line. HSIL methods 
reduce the series inductive reactance and 
increase the shunt capacitive reactance of 
the line, which in turn increases the line’s 
natural capacity [1] [9] [10] [11] [12] [4] [8]. 
This is comparable to the series capacitor 
banks because the SIL of long transmission 
lines is increased by reducing the series 
inductive reactance of the line [5] [7] [3]. 
Series capacitor banks perform this function 
effectively and efficiently. However since they 
are additional elements on the line, they have 
a number of disadvantages: substantial 
increase in the investment costs (expensive), 
extra maintenance, reduction in network 
reliability (planned and unplanned outages), 
subsynchronous resonance and complex 
protection settings [1] [4] [5] [10]. All these 
disadvantages can be removed if HSIL line 
design methods are found to be comparable 
with series compensation on long 
transmission lines. 

The aim of this investigation was to 
determine if there is any value added by 
including HSIL configurations in system 
planning and line design processes. The 
technology can be considered for all load 
factors if the required reactive power 
compensation is acceptable. 

 

2. Literature review 

The Surge Impedance Loading (SIL = V2/ Zc) 
for a given line voltage level (V) is inversely 
proportional to the surge impedance (Zc = 
�� �⁄  ) of a transmission line and depends on 
the conductor type, conductor cross-sectional 
area, number of sub-conductors, the 
geometry of the bundle of each phase, sub-
conductor spacing and the distance between 
the phases [1] [6] [10] [4] [9] [11] [13] [2] [14].  

The surge impedance of the line depends on 
the series inductive reactance and the shunt 
capacitive reactance per unit length. The 
series inductive reactance (XL) of lines that 
are longer than 200 km, consumes a 
substantial amount on reactive power that 
causes voltage and stability problems [10]. 
To reduce these problems, the SIL of the line 
should be increased [4] [8]. The SIL level can 
be increased by reducing the inductive 
reactance of the line [1] [11]. The inductive 
reactance of a line per unit length is given by 
equation (2) [2] [10]: 

      X� = 	2πfL	 = 	ω	L													(Ω/m)       (2)  

 

Where  

f = Power frequency in Hz 

L = Inductance per unit length in H/m 

To reduce the inductive reactance of the line, 
the number of sub-conductors and the sub-
conductor spacing or geometric mean radius 
(GMR) should be increased and the phase 
spacing or geometric mean distance (GMD) 
should be decreased [4] [9] [11] [13] [12] [2] 
[14]. L for a fully transposed line is given by 
equation (3) [1] [8] [4] [12]: 

    L = 	2	X	10��	 ln ��������     (H/m)         (3)                    

Where  



 
 

  3 

 

GMR = �n	r	R#�$% 									(m) 
GMD = �d$(	d$)	d()* 				(m) 
Where  

r = 0.7788 x radius of the conductor in m 

R = Radius of the conductor bundle in m 

n = number of subconductor in the bundle 

d12, d13	and d23 = phase spacing in m 

The most commonly used HSIL methods / 
techniques to increase the SIL of long lines 
are: (1) Reducing the distance between 
phases (phase compaction) which increases 
the flux cancellation  between the phase 
conductors which reduces the flux linkage of 
the phase conductors and hence reduces the 
series inductance of the phase conductors [2] 
[10], (2) Increasing the sub-conductor 
spacing of the bundle (bundle expansion) 
which reduces the flux linkage of each 
subconductor and hence reduces the series 
inductance of the phase conductors [2] [10] 
and  (3) Increasing the number of sub-
conductors in the bundle which reduces the 
current in each subconductor which reduces 
the flux linkage of each subconductor and 
hence reduces the series inductance of the 
phase conductor   [10]. 

3. Experimental procedure 

The base case tower used for the load flow 
studies was the 400 kV 528A cross-rope 
suspension tower that uses the phase 
compaction HSIL technique. The phase 
conductor geometry is a perfect inverted 
delta. 

 

 

 

 

 

 

 

 

 The sub-conductor spacing was then 
increased to implement the bundle expansion 
HSIL technique. The ionizing and non-
ionizing field effect limits were used as the 
overruling criteria for how far the bundle 
could be expanded.  The recommended sub-
conductor spacing was then simulated with 
thirteen different conductor bundles. The 
ionizing and non-ionizing field effects, SIL 
and line parameters of each bundle were 
compared with the aim of selecting the 
bundle with the most benefits for the line and 
the system as a whole. For practical reasons, 
the sub-conductor spacing was expanded 
only at mid-span while the standard spacing 
of 450 mm was maintained at the towers.  

The Bonneville Power Administration (BPA) 
software was used to calculate the ionizing 
and non-ionizing field effects of the proposed 
configurations. Simulations were done at 
1.8 m above ground level with a minimum 
conductor height above ground (midspan) of 
10 m, servitude width of 55 m and an altitude 
of 1 800 m. A conductor roughness factor of 
0.76 and a soil resistivity of 700 Ω-m were 
used.  All simulations were done with a rain 
rate of 25 mm/hr (wet weather conditions). 
The ionizing and non-ionizing field effect 
limits that Eskom complies with are as set by 
the ICNIRP guideline [15]. 

The Alternative Transient Program (ATP) 
was used to calculate the line parameters (R, 
X and B values) and SIL.  

Table 1 shows the inputs for BPA and ATP. 

The superior bundle was then used to do 
load flow studies to determine if HSIL lines 

 

 

 

 

 

 

 

 

 

 

 

Table 1: Inputs to BPA and ATP. 
 

Tower Type Conductor  
Bundle size 

 
Sub-Conductor Spacing  

(mm) 

Phase conductor horizontal 
position (perfect inverted delta)  
Phase 1 Phase 2 Phase 3 

Inverted delta 
(528A) 2, 3, 4 & 6 690  up to 750  -3,50 m 0,00 m 3,50 m 

 
Table 2: Parameters for the existing Arnot – Maputo  400 kV lines. 

Line Name 
(400 kV) 

Line 
Length 

(km) 

Conductor 
Bundle 

Series 
Capacitor 
(pu x 10 -2) 

R X B 

(pu x 10 -3) (pu x10 -2) (pu) 

Arnot – Maputo 284 3 x Tern 2.765 4.88 5.068 1.8234 
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can increase the SIL sufficiently so that the 
series capacitor bank that is installed on the 
selected existing line can be eliminated. The 
investigation was limited to 400 kV 
transmission lines that are more than 200 km 
in length, have series capacitor banks 
installed and supply a load with a high load 
factor. The Arnot – Maputo 400 kV line was 
selected as a case study. The as-built 
parameters were as shown in Table 2.  
Power System Simulations for Engineers 
(PSS/E) and Voltage Security Assessment 
Tool (VSAT) were used to compare the 
power transfer capability of the as-built line 
having the series capacitor against a HSIL 
line without the series capacitor.  

4. Results and discussion 

4.1. Electrical Performance Comparison 

The initial ionizing and non-ionizing field 
studies were simulated with 4 x Tern as the 
conductor bundle. The Tern conductor was 
selected as it is widely used in the Eskom 
MTS. The results in Table 3 indicate that the 
existing tower can only be used with a bundle 
that is expanded up to 740 mm without 
infringing on the ionizing field effect limits. 

The second phase field effect studies were 
simulated with varying bundle sizes that 
consisted of different conductor types. A total 
of thirteen bundles were studied. As shown in 
Table 4 cases 2, 4, 6 and 8 encounter corona 
issues at an altitude of 1 800 m (highlighted 
in red).  As such only nine of the thirteen 
cases were considered for further studies.  

Based on the results in Table 4, the 4 x Tern 
bundle ranks first when cost versus electrical 
performance is prioritised. However since this 
study is done at high altitudes 4 x IEC 450 is 
preferred as it exhibits healthier margins for 
the inception of corona for a 9.6 % increase 
in conductor diameter. Additionally this 
bundle is favoured because its SIL is 3.6 MW 
higher, resistance (R) is 10.13% lower, 
inductance (X) is 0.43% lower and 
capacitance (B) is 0.44% higher than the 4 x 
Tern bundle. Literature shows that to 
maximise the transfer capacity the line must 
have low R, low X and high B. Thus a line 
built with this bundle will give superior 
performance on the line and the system as a 
whole.  

4.2. PQ Plots Comparison  

Table 6 shows the parameters of the cases 
that were used to analyse and compare the 
reactive power losses of the existing line 
against the HSIL line. The series capacitor on 
the existing Arnot – Maputo 400 kV line is 
installed in the middle of the line. Thus the 
line is divided into two sections that are 
142 km each. Case i represents the existing 
line from Arnot to the Capacitor Bank, Case ii 
represents the Capacitor Bank to Maputo, 
Case iii represent the proposed 4 x IEC 450 
HSIL line and Case iv represents a 
summation of the as-built line parameters (R 
and B of the two sections are added and  XC 
is subtracted from XL). 

Table 3: Parameters for the existing line 
and the HSIL line.  

Ca
se 
No 

Series 
Capacitor 
(pu x 10 -2) 

R 
(pu x10 -3) 

X 
(pu x10 -2) 

 
 

B 
 (pu) 

i. - 2.44 2.534 0.9117 

ii. 2.765 2.44 2.534 0.9117 

iii. - 2.95674 3.56769 2.5615 

iv. - 4.88 2.303 1.8234 

 
Figure 1  shows the results for Case i, Figure 
2 shows the results for Case ii, Figure 3 
shows the results for Case iii and Figure 4 
shows the results for Case iv. Ranking the 
results in terms of SIL, Case iv comes first 
with 906 MW, while Case iii is second with 
882 MW, Case i is third with 627 MW. Case 
iv is a theoretical winner because in real 
operation, compensation does not operate as 
per the proposed summation. This is 
simulated to demonstrate the impact of XL on 
reactive power losses. In real life, series 
compensation operates as illustrated on 
Figure 2, where the series capacitor supplies 
additional reactive power to boost the voltage 
level at the receiving end. Figure 2 clearly 
shows this because the transfer level is 
38 Mvar above the SIL reference line while 
Case i and iv are below which implies that 
the lines are supplying 73 Mvar and 
256 Mvar respectively. The results shown in 
Figure 1 to 4 indicate that HSIL methods are 
indeed effective in increasing the transfer 
capacity of power lines.  
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  Table 4: BPA results for expanding a 4 x Tern bundl e on the existing 528A tower. 

Case 

Bundle 
Separation 

(mm) 

Phase 
Spacing  

(m) 

AN L50 
Wet at 

servitude 
boundary 

(Limit: 
53.1 
dBA) 

Electric 
Field at 

servitude 
boundary 
(Limit: 5 

kV/m) 

Max 
Electric 
Field in 

servitude 
(Limit: 10 

kV/m) 

RI L50 
Wet at 

servitude 
boundary 
(Limit: 72 

dBu) 

Margin % of 
Corona 

Inception 
gradient 
over max 
surface 
gradient 

A 690 7 47.9 0.796 7.78 60.8 5.88% 
B 700 7 48.0 0.798 7.81 60.9 5.62% 
C 710 7 48.2 0.801 7.84 61.1 5.35% 
D 720 7 48.3 0.803 7.86 61.2 5.08% 
E 730 7 48.4 0.806 7.89 61.3 4.89% 
F 740 7 48.5 0.809 7.92 61.4 4.62% 
G 750 7 48.6 0.811 7.95 61.5 4.36% 

Table 5: BPA results for 740 mm bundle spacing simu lated with the proposed 13 bundles. 

Case 
No 

Conductor 
Bundle 

Conductor 
Diameter 

(mm) 

AN L50 
Wet at 

servitude 
boundary 

(Limit: 
53.1 
dBA) 

Electric 
Field at 

servitude 
boundary 
(Limit: 5 

kV/m) 

Max 
Electric 
Field in 

servitude 
(Limit: 10 

kV/m) 

RI L50 
Wet at 

servitude 
boundary 
(Limit: 72 

dBu) 

Margin % of 
Corona 

Inception 
gradient 
over max 
surface 
gradient 

1 4 x Tern 27.00 48.5 0.809 7.92 61.4 4.62% 
2 4 x IEC 315 24.70 51.0 0.801 7.84 64.7 -4.36% 
3 6 x IEC 315 24.70 45.3 0.969 9.61 54.3 16.29% 
4 4 x IEC 400 27.90 48.6 0.808 7.92 61.5 4.34% 
5 4 x IEC 450 29.60 47.4 0.812 7.95 60.0 8.83% 
6 3 x IEC 500 31.20 51.1 0.722 7.01 66.3 -2.07% 
7 4 x IEC 500 31.20 46.3 0.816 7.99 58.5 13.30% 
8 3 x IEC 560 33.00 50.00 0.7 7.049 64.80 1.94% 
9 4 x IEC 560 33.00 45.3 0.819 8.03 57.1 17.89% 

10 3 x IEC 630 35.00 48.8 0.730 7.09 63.2 6.52% 
11 3 x IEC 710 37.20 47.7 0.734 7.14 61.7 11.31% 
12 3 x IEC 800 39.50 46.8 0.737 7.17 60.5 15.06% 
13 3 x Berfort 35.58 47.9 0.733 7.13 61.9 10.51% 

Table 6: ATP results for the proposed 13 bundles. 

Case 
No. 

Proposed 
Bundle 

Surge 
Impedance 

Loading (MW)  
Positive Sequence Line Impedances (p.u./km 

obtained using 100 MVA as base) 
MVAR 

Charging 
   R X B MVAR/km 

1 4 x Tern 843.7 0.000011585125 0.00012616 0.008980288 0.8980288 
3 6 x IEC 315 1017.2 0.000009902375 0.000104595 0.010822528 1.0822528 
5 4 x IEC 450 847.3 0.000010411063 0.000125623 0.009019552 0.9019552 
7 4 x IEC 500 851.1 0.000009425500 0.00012508 0.009059584 0.9059584 
9 4 x IEC 560 854.8 0.000008474313 0.000124533 0.009100208 0.9100208 

10 3 x IEC 630 758.4 0.000010056875 0.000140497 0.008080448 0.8080448 
11 2 x IEC 710 762.8 0.000009006813 0.000139696 0.008127712 0.8127712 
12 3 x IEC 800 766.3 0.000008067750 0.000139021 0.008164368 0.8164368 
13 3 x Berfort 762.2 0.000009252000 0.000139763 0.008120208 0.8120208 
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As per the results shown in Table 7, the 
capacitance of the HSIL line is increased by 
a factor of 3.5, when compared to the 
conventional line (73 Mvar versus 256 Mvar). 
At maximum power transfer this translates to 
a reactive power requirement that is 33% 
less than the conventional line. 

The transfers were initially increased in steps 
of 16 MW in search of the stability limit. After 
the system became unstable with the last 
16 MW step, the step size was reduced in 
order to reach the apex of the PV curve. A 
fine-tuning process was started to determine 
the limit within the cut-off step size of 4 MW. 
This caused discontinuation in the plots. The 
change/reduction in step size is easily 
recognisable in Figures 1, 2 and 4.   
 

 
Figure 1: QP plot for Case i. 

 

 
Figure 2: QP plot for Case ii. 

 
Figure 3: QP plot for Case iii. 

 

Figure 4: QP plot for Case iv. 

Table 7: Power transfer comparison for 
the four cases.  

Ca
se 
N
o 

MWINI 

 

MVAR INI MWMAX MVARMAX 

i. 26 - 73 1250 323 

ii. 23 38 1211 418 

iii. 39 -256 1094 205 

iv. 30 -175 1297 232 

 
4.2. Series Capacitor Sizing   

The aim of this investigation was to 
determine if HSIL lines can increase the SIL 
to levels where the series capacitor bank can 
be eliminated. This evaluation was done by 
combining the HSIL line parameters with the  
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series capacitor. The line parameters are as 
shown in Table 8.  

Table 8: Parameters for the HSIL line 
paired with the series capacitor bank. 

Series 
Capacitor 
(pu x 10 -2) 

R  
(pu x 10 -3) 

X  
(pu x 10 -3) B (pu) 

2.765 2.95674 3.56769 2.5615 
 

The capacitor bank size was then reduced 
until voltage levels reached the statutory limit 
of 0.95 Vpu. These simulations were done 
with the as-built 100 Mvar line reactor. A 
second analysis was done with a 50 Mvar 
line reactor. This iteration gives insight into 
the impact of HSIL on the sizing of line 
reactors because they form part of series 
compensation on long transmission lines that 
suffer from Ferranti effect voltages under low 
load or no load conditions. 

Figure 5 shows the impact of reducing the 
series capacitor in conjunction with a 
100 Mvar shunt line reactor. Figure 6 shows 
the results with a 50 Mvar shunt line reactor. 
What is deduced from Figure 5 and Table 9 
is that the series capacitor can be reduced 
from 0.02765 pu to 0.00165 pu without 
infringing on the voltage limits of 0.95 Vpu. A 
capacitor bank of 0.00165 pu is negligible 
because it would have translated to 3.25% 
compensation on the existing Arnot – Maputo 
400 kV. Thus the HSIL line does eliminate 
the need for the series capacitor bank. 
Figure 6 and Table 10, convincingly indicate 
that the series capacitor can be eliminated 
because the estimated series capacitance 
becomes inductive (-0.00435 pu) before a 
voltage level of 0.95 Vpu is reached. From 
these results one could conclude that the 
series capacitor can be removed when a 
50 Mvar line reactor is used. However it is 
important to mention that this statement 
cannot be made until the line configuration is 
tested for Ferranti effect voltages. Ferranti 
effect is an over-voltage phenomena that 
occurs when long lines are energised and 
when lightly loaded.  

The lines were tested for Ferranti effect and 
the results shown in Figure 7 indicate that the  

 

50 Mvar line reactor is not adequate to 
mitigate Ferranti effect voltages, because the 
voltage level is 1.07 Vpu during a no load 
condition which is above the limit of 
1.05 Vpu. Ferranti effect voltages were then 
checked for the 100 Mvar line reactor and as 
shown in Figure 8, the voltage level is exactly 
the same as the limit of 1.05 Vpu.  

Figure 5: Capacitor sizing with a 100 Mvar 
line reactor.  

 
Table 9: Capacitor sizing with a 100 Mvar 
line reactor. 

Series Capacitor Size 
(pu ) 

Voltage (V) 
(pu) 

0.02765 1.0009 

0.02565 0.9994 

0.02365 0.9973 

0.02165 0.9946 

0.01965 0.9911 

0.01765 0.9874 

0.01565 0.9828 

0.01365 0.9777 

0.01165 0.9721 

0.00965 0.9699 

0.00765 0.9639 

0.00565 0.9585 

0.00365 0.9577 

0.00165 0.9519 

-0.00035 0.9483 

-0.00235 0.9405 

-0.00435 0.9361 

-0.00635 0.9241 
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Figure 6: Capacitor sizing with a 50  Mvar 
line reactor.  
 
Table 10: Capacitor sizing with a 50 Mvar 
line reactor. 

Series  Capacitor Size 
(pu ) 

Voltage 
(Vpu) 

0.02765 1.0033 

0.02565 1.0026 

0.02365 1.0067 

0.02165 1.0052 

0.01965 1.0031 

0.01765 1.0005 

0.01565 0.9973 

0.01365 0.9933 

0.01165 0.9888 

0.00965 0.9837 

0.00765 0.9785 

0.00565 0.9766 

0.00365 0.9706 

0.00165 0.9652 

-0.00035 0.9666 

-0.00235 0.9591 

-0.00435 0.9575 

-0.00635 0.9497 

 

 
Figure 7: Capacitor sizing with a 50 Mvar 
line reactor. 

 

Figure 8: Capacitor sizing with a 100 Mvar 
line reactor. 

4. Conclusion and Recommendations.  

The aim of this investigation was to find an 
alternative method that is cost effective in 
increasing the power transfer capability of 
long transmission lines. To minimise the 
impact of other line related costs (e.g. 
servitude, tower steel, etc.) HSIL techniques 
were analysed on the existing 528A compact 
cross-rope tower.  

The HSIL configuration that was 
recommended was a 4 x IEC 450 conductor 
bundle that has 740 mm as the sub-
conductor spacing. 

The load flow studies that were done with this 
HSIL configuration indicate that the series 
capacitor bank that is installed on the existing 
Arnot – Maputo 400 kV line can be eliminated 
if the SIL of a line is increased through the 
use of HSIL techniques. This statement is 
applicable to long transmission lines that 
supply loads with high load factors and that 
otherwise require series reactive power 
compensation. 

The results also indicate that a 100 Mvar 
shunt line reactor is still required to prevent 
Ferranti effect voltages during low load or no 
load conditions, especially when the line is 
initially energised. 
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