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Abstract

Segmentation of large AC systems through DC links introduces a new concept
that utilizes the advantages of direct current transmission to improve network
reliability and increase power transfer capacity. Technical literature argues
that the segmentation of the AC network and the introduction of DC links at
these systems connection points bring benefits to system operation, once con-
tingencies generated on one side of the DC connection point would not be re-
flected on the other side of DC connection, thereby reducing the likelihood of
cascading shutdowns and blackouts due to load restraint on transmission lines
and transformers. Amidst this scenario, this paper presents a study of the main
topics regarding the use of this new network segmentation philosophy, bring-
ing a practical point of view for the use of this concept at the electrical power
system planning. The effect of DC segmentation before a contingency that
would initiate major outages in an adapted electrical system model IEEE-14
bus is studied and simulations have been performed with test HVAC systems
and segmented by HVDC link. The results have been compared, principally in
relation to the voltage bus, reactive power generation, system losses and pow-
er flow at the lines, and demonstrated that this new concept improved the grid
reliability.
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DC-Segmentation, Grid Segmentation, DC Link, Blackouts,
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1. Introduction

The power transmission networks are complex systems that have experienced
blackouts at last recent decades. These events raise concerns about the stability
and safety of the electrical system operation. Currently, the AC technology’s

ability to adapt and ensure grid security and manage the growth of demand for
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transmission services is being questioned [1] [2].

The high-voltage technology in direct current (HVDC) has characteristics that
make active hereinbefore for certain applications. The HVDC transmission is
widely recognized for delivery large blocks of energy over long distances, asyn-
chronous interconnection and for energy transmission by submarine cables. The
actual number of HVDC projects under consideration or in application around
the world has increased at last years, reflecting a renewed interest in this tech-
nology [3] [4].

Compared with the three-phase AC system, HVDC is higher in follow aspects:
less constructive and operating cost, allows asynchronous interconnection be-
tween two AC systems and is easy to control and to adjust power flow. Nowa-
days, the level of confiability of HVDC link must be greater than double AC line
utilization [3] [4] [5].

The large AC networks segmentation through DC links introduces a new
concept that retains the advantage of the two technologies to improve network
reliability. According to Mousavi ef al. [1], segmentation is defined as the use of
DC links to split large AC networks into sets of a smaller asynchronously oper-
ated AC segments. HVDC technology, in addition to the AC transmission sys-
tem, could mean an increase in reliability, energy transfer capability and security
of electric power system operation. Figure 1 shows the DC segmentation con-
cept of a large AC system into several smaller AC segments interconnected only
by DC bonds.

The segmentation of large networks AC through DC bonds has the advantage
that problems in one of the new AC segments are not transferred to the next AC
segments, in addition, DC link can be controlled. Under contingency conditions,
differently of AC lines, DC bonds would not be overloaded due to controllability
of power flow, which significantly reduces the risk of cascade interruptions [1]
(6].

Cascade interruptions can occur immediately following a contingency due to

loss of a transmission line or a fault that initiates a rapid voltage collapse. These

(a)

Figure 1. The electrical system DC-segmentation contains: (a) CA system division into
segments (b) reconnection of the segments through the DC links. Adapted from [1].
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causes may not be a significant problem, but with the interconnected power grid
and increase of AC line overload, such contingencies will increase the threats of
cascading interruptions. Contingencies occur sequentially and are aggravated by

operating errors, downtime, system imperfections or failures [7].

2. Grid Segmentation

In [2], the DC segmentation hypothesis is defined as the decomposition of any
interregional AC network in a set of sectors asynchronously operated and inter-
connected by DC links in order to achieve the following improvements in a via-
ble and profitable way:

* Minimize cascading interruptions;

¢ Increase the capacity of energy transfer between sectors;

* Solve interconnection issues;

¢ Strengthen local oversight of regional networks.

Segmentation works by controlling the power flow across the boundaries of
the HVDC. At its simplest form, each converter station is tuned to a specific
power level and a maximum power level that is agreed between the operators of
adjacent sectors. Under normal conditions, the power levels change only under
the control of the operators. When a disturbance occurs, controller on each back
to back station and each HVDC line increase the power flow from the system
with higher frequency difference, up to the set maximum [7].

Without segmentation, the entire interconnection operates on the uniform
frequency of the AC network, subjecting it to the consequences of the network
response to each contingency. This network response, can sometimes, exceed the
limits of angular stability and presents voltage with catastrophic results. With
DC links utilization it is allowed that the frequency of each sector, under a con-
tingency, has a behavior to the disturbance within the sector itself. Considering
Figure 2, the loss of a generator will result in a drop of frequency within the
sector A and will cause a response from the generation of this sector itself. The
generation of neighboring sectors, C and B, will only respond for a support
through the DC links. This support is limited, so this does not affect security and
stability in assistants sectors. Thus, when the load in sector A is greater than the
demand provided by the DC links plus its own generation, the sector will be shut
down by underfrequency. The disconnection of the sector by underfrequency is

a mechanism to avoid the collapse of the entire system [2] [7].

(a) (b) (o)

Figure 2. Response of DC links to the disorders. Adapted from [2].
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AC links do not have mechanisms to maintain power flow within angular sta-
bility and voltage limits. In AC systems, large disturbances can impose a high
power flow over large areas. This power flow may exceed the capacity of the sys-
tem and thus initiate a cascade interruption, particularly when aggravated by
system imperfections. These problems are solved by segmentation in which
HVDC links between sectors avoid instability and maintains regional flows with
knowledge of the reactive power and thermal limits of transmission lines [7].

For a segmented network, the worst post-fault scenario is the loss of a com-
plete sector. The power flow limits set in the DC links prevent the power flowing
to a failing sector from reaching levels that are hazardous to the neighboring
sector. Thus the collapse of one sector leaves the neighboring sectors and the
remaining network undamaged. Underfrequency shutdown of a sector is a small

price to pay to avoid angular instability or a voltage collapse [2] [7].

3. Testing Systems
3.1. HVAC Testing System

The test system adopted in this paper is based on IEEE 14 bus. Some adaptations
were made to make possible to evaluate the impacts of installing an HVDC link.
The system was divided into two areas 1 and 2, as shown in Figure 3 and was
connected by two interconnection lines.

The division of the system concentrated the generation in the area 1 and both
areas must own generation. To solve this problem, bus 2, who belongs to area 1,
was transformed into PQ bus with its generator transferred to bus 14, contained
in area 2. The generation and loading values of the areas were stipulated for the
load in area 2 be greater than the generation of bus 14. Consequently, area 2 de-
mands energy from area 1.

The lines between the buses 2 - 3 and 4 - 5, called interconnection lines, allow

the power flow between the areas. The stream will be limited to a single line that

Figure 3. HVAC system.
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will later be replaced by the HVDC link. The most charged line is line 4 - 5, cho-
sen to focus power flow between areas. In the system that will be presented be-
low, line 4 - 5 will be replaced by the DC link. In order to simulate this system, it
was necessary to create a line connecting the two areas in AC, since the
ANAREDE program understands that the DC link isolates the electric network
from area 2 leaving it without a reference bus, which is contained in area 1.
Therefore, line 2 - 3 was created and adjusted with high resistance value and
reactance to mitigate the power flow through it and serve only as AC connection
and to enable calculation of the power flows. In the HVAC test system, this line
will also exist in order to maintain the two similar cases for comparison of re-

sults.

3.2. HVAC Segmented by HVDC Link Testing System

To test the HVAC system segmented for HVDC link, it is used the test HVAC
system model and replaced line 4 - 5, which connects the two areas, to the
HVDC link, as shown in Figure 4. All features of the HVAC test system are

maintained for comparison of results between systems.

4. Simulation and Results

4.1. Comparison between Testing Systems

The HVAC system test and HVAC segmented by HVDC link, despite having the
same input data, operate differently due to the operation of the DC link. After
insertion of the HVDC link, the modulus and angle of the system voltages were
changed, that is, a power distribution of the system has changed. Table 1 and
Figure 5 presents the results found.

Table 1 shows the module and angle of the operating voltages of both test
systems. The active power flow of the HVAC system is determined by the phasor
that is at an advance, in other words, bus that have larger angles to the bus that
has smaller angles. Considering the adopted system, the area 2 does not have a

reference bus thus, the voltage reference of the bus are made by the intercom-

Figure 4. HVAC segmented by HVDC link system.
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—» Active Power Flow at HVAC System

—» Active Power Flow at HVAC
Segmented by HVDC Link System

Figure 5. Active power flow diagram.

Table 1. Bus voltage, data from software ANAREDE.

Voltage [p.u.] Angle (°)
Bus HVAC HVAC Segmented by HVAC HVAC Segmented by
System HVDC Link System System HVDC Link System
1 1.0000 1.0000 0 0.0000
2 0.9790 0.9803 -3.419 -3.3755
3 1.0100 1.0100 —27.9442 29.7315
4 0.9651 0.9848 —-15.353 42.0371
5 0.9607 0.9709 -11.8675 -11.9682
6 1.0000 1.0000 -16.2139 -16.2688
7 0.9879 0.9968 —12.6892 44.6146
8 1.0200 1.0200 -12.6892 44.6146
9 0.9693 0.9779 -11.2629 46.0105
10 0.9584 0.9671 -11.7653 45.517
11 0.9517 0.9605 —12.0948 45.1934
12 0.9862 0.9862 -17.0279 -17.0829
13 0.9842 0.9842 —-17.0045 -17.0594
14 1.0200 1.0200 2.932 60.303

necttion lines of the areas, lines 2 - 3 and 4 - 5. After insertion of the DC link at

place of line 4 - 5, the voltage reference of the area 2 is made only by line 2 - 3.

The angular openings in this line are very large at two cases, although the power

flow are small due to the impedances used.

K2
0:{5: Scientific Research Publishing

41



G. J. C. Santos, P. R. da Silva Jota

One of the main causes of the abrupt change in the angles of the busbar vol-
tages is the inversion of the active power flow in line 2 - 3. In the HVAC system,
this line transmits 0.23 MW from area 1 to area 2. In the segmented system, the
HVDC link transmits 3.5 MW more to area 2 than line 4 - 5 of the HVAC sys-
tem. So line 2-3 reverses the active power flow for system equalization. Figure 5
and Table 2 detail the active power flow for the test systems.

Table 2 also shows the active losses of the systems. The systems in their nor-
mal operation shows similar losses. Figure 6 and a Table 3 show the reactive
power flow of the lines. All lines in both test systems exhibit inductive behavior,
in other words, reactive energy consumption consumed by the line inductance is
greater than a reactive energy generated in the line susceptance. The reactive
power consumption in the circuits of the HVAC system segmented by HVDC is
lower than the consumption in HVAC system. The HVDC segmented system
has a higher reactive power generation to consumption at AC-DC converters,
that can get to consumes the equivalent 60% of the active power transferred, as

reported in [8].

Table 2. Active power flow anda active power losses, data from software ANAREDE.

Active Power Flow [MW] Active Power Losses [MW]
F;)lrsn ;:s Line HVAC HV:;) fleggénted HVAC HV:;J Iievggénted
System Link System System Link System

1 2 1 100.4645 98.7955 1.9618 1.8944

1 5 2 89.8082 90.4154 4.3718 4.4171

2 3 3 0.2347 —2.0459 0.0897 1.6118

2 5 4 76.568 77.2478 3.53 3.6498

3 4 5 -94.055 -97.8576 9.7113 9.203

4 5 6 -117.5181 -121 2.3601 0.11

4 7 7 -21.6671 -21.586 0 0

4 9 8 -12.3811 -12.382 0 0

5 6 9 30.9963 30.9963 0 0

6 12 10 6.571 6.571 0.0594 0.0594

6 13 11 13.2253 13.2253 0.1358 0.1358

7 8 12 0 0 0 0

7 9 13 -21.6671 -21.586 0 0

9 10 14 12.5884 12.5869 0.0744 0.0731

9 14 15 -76.1367 —76.0549 8.9633 9.0451

10 11 16 3.514 3.5138 0.014 0.0138

12 13 17 0.4116 0.4116 0.0011 0.0011
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Figure 6. Reactive power flow diagram.

Table 3. Reactive power flow and reactive power consuming/generating.
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Bus  bus HVAC  HVACSegmented =~ HVAC HVAC Segmented by
System by HVDC Link System  System HVDC Link System

1 2 1 2.8190 1.1692 0.8192 0.6069

1 5 2 2.6221 -1.8378 13.3166 13.4555

2 3 3 -0.1758 3.3622 0.0897 1.6118

2 5 4 —10.5245 —15.4996 7.5228 7.8503

3 4 5 76.4009 65.9327 23.5372 22.2152

4 5 6 51.5465 - 7.4446

4 7 7 —-0.0050 5.3502 1.0081 1.0200

4 9 8 5.2222 7.4468 1.0123 1.1242

5 6 9 13.7601 18.4002 2.7281 3.0177

6 12 10 2.2761 2.2761 0.1237 0.1237

6 13 11 5.5161 5.5161 0.2675 0.2675

7 8 12 —17.9907 -13.1022 0.5842 0.3043

7 9 13 16.9776 17.4323 0.8541 0.8523

9 10 14 7.8305 7.8264 0.1977 0.1941

9 14 15 28.7881 31.9464 19.0662 19.2402

10 11 16 1.8328 1.8323 0.0328 0.0323

12 13 17 0.5524 0.5524 0.0010 0.0010
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4.2. Contingency-Loss of Generation of 70% in Area 2

4.2.1. Results for the HVAC Testing System

The programmed contingency is the loss of 70% of the generation, that is, 70
MW of the generation of bus 14, which is contained in area 2. It will be consi-
dered that the generator of area 1 can supply the power demanded by the system
because the equation load/generation must be balanced for the convergence of
power flow, even in cases of contingency. Thus, the swing bus assumes all of the
bus generation loss 14.

The data shown in Figure 7 and Figure 8 illustrate the comparisons between

—» Active Power Flow at HVAC Normal System

Active Power Flow at HVAC
System at Contingency

Figure 7. Active power flow diagram at HVAC system.
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flows and losses in the serial elements of the systems. Lines 1, 2, 4, 5 and 6 are
the lines closest to the generator of area 1, so these lines are the most overloaded
during the contingency. The active power flow in lines 1, 2 and 6 increased 37%,
45% and 53% respectively, In [2], the results are similar, with the flows exceed-
ing line ratings by 20 to 40%. Considering this significant increase, these lines
run the risk of being shut down by overcurrent protections, worsening the con-
tingency or causing the collapse of the entire system. There were three reversals
of flow direction and considerable increases in losses. Highlight for Line 15,
which reduced its losses because it stopped transferring energy from the genera-
tor of area 2. The active losses in the lines and transformers increased by 81.45%
during the contingency.

Another critical point to be analyzed is the bus voltages. The bus data are
shown in Figure 9. The buses that showed the highest voltage during the con-
tingency are in area 2, in the surroundings of the generator bus that in the con-
tingency reduced its generation drastically, consequently, it reduced the losses
and therefore raised the voltages in the buses. It is observed, analyzing Figure 9,
that there was a redistribution of reactive power in the system. This redistribu-
tion caused the system to operate under better voltage conditions in the buses of
area 2, while in area 1 the tensions worsened. Reference [2] also have voltage
drops due the increase of the line power flows. The system also increased reac-

tive power generation in an attempt to maintain stable bus voltages.

4.2.2. Results for the Tests of a HVCA Segmented by HVDC System

The HVDC link isolates areas 1 and 2 transmitting the constant power of 121
MW. Thus, the energy generated in area 1 is not transmitted to area 2 and the
load/generation equation is unbalanced. Consequently there is no convergence

of the power flow to the system. The load relief in area 2 is used in this case for

Voltage

Voltage (PU)

1 2 3 4 5 6 7 8 9 10 11 12 13 14

Bus - Normal System

Reative Power Generation [ system at Contingency
T T T T T T T T T T T T T

100 |

50 [

Reactive Power Generation(MVAr)

Bus

Figure 9. Voltage and reactive power generation at HVAC system.
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the convergence of the power flow. Thus, the simulated contingency will be the
loss generation of 70 MW in bus 14 and the 50 MW load relief in bus 3, both
buses belonging to area 2.

Figure 10 and Figure 11 detail the power flow and active loss values per line.
As in [2], the power flows did not exceed the line ratings in the sector adjacent to
the sector with loss of generation, the power flow of the lines belonging to the
area 1, practically did not change. Already the power flow of some lines of area 2
were redirected due to loss of generation in bus 14. The losses of the lines had
almost no changes except for lines 5 and 15. Line 5 is connected to bus 3, which
suffered Load relief, reducing the power flow in their lines and consequently the

losses. The line 15 is connected to the bus 14 which has lost generation and

[r—

o S TE 2
==

—- —
121 MW121 MW

Ol—

Active Power Flow at HVAC System

by HVDC Link Normal System

Active Power Flow at HYAC Segmented
by HVDC Link System at Contingency

Figure 10. Active power flow diagram at HVAC segmented by HVDC link system.
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Figure 11. Active power flow diagram at HVAC segmented by HVDC link system.
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started to transmit a smaller amount of energy to the system reducing the losses
in the line.

The operating voltage of the buses and the reactive power generation per bus
is shown in Figure 12. The voltages of the buses in area 1 are practically the
same in both situations. The voltages of the buses of area 2 during the contin-
gency improved with respect to the initial system, due to the load of the lines
that diminished and to the relief of load. In [2], the results are similar and some
voltage dynamic are presented. The so-called buses 15 and 16 are the system in-
terface buses with the HVDC link and the buses 17 and 18 are the buses that
connect the synchronous compensators of the HVDC link to the interface buses.
Bus 18 is the largest supplier of reactive power for the system. With load relief,
during contingency, the reactive power generation of the overall system de-

creases.

5. Conclusions

This paper proposes to study the effect of DC segmentation towards a contin-
gency that would initiate great scale interruption. Simulations were performed
with HVAC test systems and HVAC system segmented by HVDC.

For the HVAC system, if area 1 was already generating at or near of the gen-
eration limit, the system would collapse due to under voltage and under fre-
quency, since it would not be able to supply the demand of all system. From the
data obtained from the simulations and considering the hypothesis that the ge-
nerators of area 1 can supply the power demanded by the system, it can be con-
cluded that possibly the whole HVAC system would suffer a blackout initiated
by the generation contingency in area 2. Therefore, under both conditions, we

would have to shut down the entire system.

Voltage
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Figure 12. Voltage and reactive power generation at HVAC segmented by HVDC link
system.
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Through the simulation, for the HVAC system segmented by the HVDC link,
it can be concluded that area 1 was not affected by the contingency. The simula-
tions performed without load relief did not converge, indicating that area 2
could not be maintained, being de-energized without necessarily provoking dis-
turbances in area 1.

By this study, it is concluded that segmentation of large AC networks through
DC links improves the reliability of the network and increases the capacity of
transfer of energy. The possibility for further studies can be proposed by new
configurations of the grid segmentation to assess a better place to DC link or

economic analysis of the benefit-cost to implement a grid segmentation.
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