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Abstract

Application of Voltage Source Converter (VSC) such as High Voltage Direct Current (HVDC) has
been widely recognized as one of the most advanced and powerful tools in providing a veritable
way to control the transient instability in power system. However, the effect of this device on power
system generator oscillation damping ratio during contingency need to be examined for effective
system planning and monitoring. This research paper evaluates the effect of placing HVDC on the
stability of power system generator oscillation damping ratio in order to improve the system
stability during disturbance. Transient stability of electrical power system with contingency was
performed using swing equations technique. Critical buses in the system at contingency was
selected using Line-Voltage Stability Index (L-VSI) technique An HVDC VSC was incorporated in
the power system and its effect on stability of the generator oscillation damping ratio at the
contingency was investigated. Simulation was done in MATLAB R2023a. The approach was
evaluated with data sets of IEEE 30-bus systems. Generator damping ratio, total active power
losses and total cost of controllers were determined. The results revealed that placing HVDC in
the power system improved the system generator oscillation damping ratio stability and has
positive impact (stability) on electric power system

Keywords: HVDC, Line-Voltage Stability Index, Voltage Source Converter, Contingency,
Oscillation Damping Ratio

1. INTRODUCTION

In developed countries, the annual consumption of electricity has been increasing rapidly
while the expansion of transmission system has been severely limited due to inadequate resources
Thus, power network has continuously been subjected to the greatest stress which has contributed
to the constant power failure since greater demands have been placed on the transmission system
by the continuous addition of load due to the increasing number of consumers [1, 2]. These
disturbances adversely affect the transmission power expansion and cause instability in the
transmission system, thereby becoming a major source of worry to engineers. Therefore, engineers
have been faced with uphill tasks of designing power systems to optimally transmit energy at a
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very stable state in which power systems can operate close to their thermal limits, either due to
increased loading or due to severe contingencies [2 — 6] However, application of High Voltage
Direct Current-Voltage Source Converter (HVDC-VSC) has been widely recognized as one of the
most advanced and powerful tools in providing a veritable way to control the transient instability
in power system during disturbance [1. 5. 7]

These HVYDC-VSC devices employ self-commutated DC to AC converters, using Gate
Turn-Off (GTO) thyristors, which can internally generate capacitive and inductive reactive power
for transmission line compensation, without the use of capacitor or reactor banks. It provides
unprecedented levels of flexibility and speed of response in comparison with traditional
electromechanical devices [8 -11]. Thus, use of HYDC-VSC in transmission system is becoming
more and more popular due to its wide range of advantages in bulk power transfer and integration
of renewable power to the existing grid, Its importance has increased due to the increased
awareness of energy conservation and quality of supply on the part of the power utility as well as
power consumers [12-16]

However, improper placement of HVDC-VSC in electrical power system may increase the
system instability, generator oscillation and thwarting the power system expansion planning [13,
17]. Therefore, there is the need to investigate the effect of proper placement of HVDC on the
power system oscillation damping ratio. This is very much useful for power system monitoring
and expansion to prevent possible voltage instability and to meet the increasing loads.

It is based on the foregoing that this study evaluates the effect of placing HVYDC-VSC on
the stability of electrical power system generator oscillation damping ratio during disturbance
using Line-Voltage Stability Index (L-VSI) to identify critical buses for its placement.

A. Voltage Source Converter

The Voltage Source Converter (VSC) group FACTS device is the most advanced type
among the FACTS controllers, employs self-commutated DC to AC converters, using Gate Turn-
Off (GTO) thyristors, which can internally generate capacitive and inductive reactive power for
transmission line compensation, without the use of capacitor or reactor banks. It can supply
required reactive current even at low values of the bus voltage and can be designed to have in built
short term overload capability. The converter with energy storage device can also exchange real
power with the system [3, 14, 18].

The VSC devices include Static Synchronous Series Compensator (SSSC), Static
Synchronous Compensator (STATCOM) and High Voltage Direct Current (HVDC) VSC device
which is the focus of this research paper..

B. High Voltage Direct Current Based VSC

The High Voltage Direct Current based on Voltage Source Converters (VSC) is a
combined series-series FACTS device which is controlled in a coordinated manner in a multiline
transmission system [19, 20]. The controllability of the HVDC power is often used to improve the
operating conditions of the AC network where the converter stations are located. The HVDC
allows more efficient bulk power transfer over distances and it employed to move large amounts
of electric power. The fundamental process that occurs in an HVDC system is the conversion of
electrical current from AC to DC (rectifier) at the transmitting end and from DC to AC (inverter)
at the receiving end. In this system, it is possible to control both active and reactive power
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separately by exploiting Pulse Width Modulation (PWM) to control the On and Off time in the
VSC. This technology does not consume reactive power, but rather, it injects reactive power to the
power system [21-25].

In addition, HVYDC VSC systems do not only allow for electrical power transmission from
one area to another, it also offer several technical advantages. It offers technical and economic
benefits, such as: lower line costs, no need for common frequency control, stable operation even
with low-power interconnection and improved dynamic conditions in AC system [26]. However,
in order to assess the maximum transfer capability of these devices on the power transmission
system, its effect on system oscillation damping ratio which may have undesired effect on the
power system stability be evaluated [27 -30].

. MATERIALS AND METHOD

This study presented multi-objective optimization problems for improvement of power
system generator oscillation damping ratio stability during sudden increase in generator load for
efficient power system monitoring and planning. The main objective is to optimize the generator
load bus with the least value of damping ratio that would improve the voltage stability of the power
system. The multi-objective optimization problems are formulated as single objective function as
Equation (1):

N
OF:OptimizeZ(APGLi + j%KDj (1)
=
Subjected to stability constraint: damping ratio limit as in Equation (2):
0.03< K, <0.05 @)

where; Py; is the equivalent generator power obtained at each load bus, K, is the generator
damping ratio coefficient, 0 is the rotor angle, @ is the phase angle,

A. Data Source

The implementation of HVDC VSC was done on standard IEEE 30-bus power system shown
in Figure 1. The test system has two (2) generators, three (3) synchronous condensers, 15 load
buses (PQ). Out of the generator buses, bus 1 is selected as the slack bus [23]. The set of data such
as line data, load data, generators and other system components data were sourced from the
Institute of Electrical and Electronics Engineers (IEEE) website (http/ewh.ieee.org/soc/pes/tesl).
The HVDC parameters were sourced from published open access literatures on the concept. The
simulation was done under contingency analysis. In this case; the reactive power of the generator
load power of the transmission system was adjusted from 50 to 90 % (20%b interval) one at a
time. The minimum and maximum damping ratio were set to 0.03 and 0.05. Simulation wias
carried out in MATLAB R (2023a). The change in the generator damping ratio were calculated.
The system generator damping ratio, generator voltage, losses and cost of controller placement
were determined in each of the test system and were used as performance metrics.
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Figure 1: IEEE 30-Bus Test System

B. Transients Stability Analysis for Contingency

The power system generator oscillation damping ratio for transient stability of the
transmission system was computed by adjusting the generator load power from 50 to 90 % one at
a time and swing equation was employed. The minimum and maximum damping ratio was set to
0.03 and 0.05. Swing equation was analysed on the transmission system to obtain the dynamic
behavior of the system generator oscillation during the increase in the generator load power. The
system generator oscillation damping ratio was monitored for any bus close to the rating limit. The
generator voltage, electrical and mechanical power were calculated using Equations (3) to (5) [4,

9]
P i
E=V+JXS{Q—*JQQ} @)
Vi

N
P, = EZY, cosé, +Z|Ei”EjHYij ‘cos(é’ij -5 + 5j) 4)

5
I:)e = Pm - Pa )

The behavior of the generator is given as in Equation (6) [2, 8]:
Ho’AS
——— =AP, —AP, (6)
- ot

The generator damping ratio was calculated using Equation (7) [23, 30]:

0.05 H62A5
(7)

AKgpi = I [APGL _‘Apei + 2
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C. ldentification of Critical Buses

The Line- Voltage Stability index (L-VSI) was formulated to identify critical buses in the
power system as to determine the best placement of the HVDC in the power system. This L-VSI
was used to identify the critical buses, determine the optimal severity order of the load buses for
optimum location of the HVDC-VSC in electrical power system.

The L-VSI was formulated using the weighted sum of normalized value of the system line
loss and generator bus voltage based on the damping ratio s given in Equations (8):

L —VSI =ZN:|:W12(Y%§SJ+WZZ{%+ jQLiJ+AKDi} (8)

i=1 i i

The load bus with highest value of L-VSI based on the fitness function was regarded as weak bus
for potential placement of generator and VSC devices in power system,

where; P, ;and Q,; are active and reactive power loss, X is the system reactance, V, is the
system internal voltage, Y; is the element of generator bus admittance matrix, w, is the weighted
coefficient for line loss which was considered to be 0.9, w, is the weighted coefficient for
generator bus voltage which was considered to be 0.1, K, is the generator damping ration
coefficient, N is the number of bus.

D. Effect of HVDC on Generator Oscillation Damping

The effect of HVDC VSC on the system generator oscillation damping ratio stability of the
selected critical buses was evaluated. The HVYDC VSC consists of two converter stations and a
high voltage DC line connecting them. Each converter was connected at a node in the AC
transmission system as shown in Figure 2 [12].
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Figure 2: Single Line diagram of Transmission System with HYDC VSC

The compensator device was employed as generator control device to inject reactive power
at selected severe buses where the L-VSI is outrageous during contingencies.

The converter DC link model Equations relating variables are given in Equations (9) to
(12) [3, 21, 28]:

3
Vivoei = KV, COS&_; Xilvoe ©)
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3
Vivoer = K,/ V, cosy — ; X voe (10)
PHVDCi :VHVDCi I HVDC (11)
PHVDCr :VHVDCr I HVDC (12)

The apparent power of the AC variable and the new converter voltage were calculated as
in Equations (13) and (14) [19, 26]:

S(L) :VHVDC(L)I Hoc T jVHVDC(L)I HVDC tan 9('—) (13)
32
VHVDC(L) = TV (L) (14)

where; Ve and Voo, are converter terminal de bus bar sending and receiving voltage, K, is
the converter gain constant, V; and Vv, are sending and receiving system voltage, | ¢ is the

converter current. X; and X, are system reactance, y and § are converter firing and extinction

angle, V(L) is the alternating voltage
Using swing equation, the HVDC voltage AC source with damping state variable is
determined using Equation (15) [14, 17].

Vivoe = “Kee I _vsi + lAa)(t -5(t)) (15)
Ke TZ
The generator excitation voltage is updated using Equation (16) [11];
. K, E;
E :f:(uref —U; +Viuocs )_f (16)
The electrical powers of the generator are determined using Equation (17) [4]:
N
P, = EZY, c0s6, + D |E; |E;[Vy|cos(; — 5, + 5, )+ Dyoe (17)
i=1
j#l
HVDC generator stability responses are determined using Equation (18) [12, 17]
Ho*AS 0
W =+ DHVDC a = APm — APe (18)
The size of the controllers required for compensation is given in Equation (19):
Q
Value = ﬁ (19)

where; o is the generator rotor angle speed, K, is the exciter gain constant, T, is exciter time

constant, U, is the reference bus voltage, U, is the generator terminal voltage, Ve is the
controller control voltage, T, and T, are damping time constant, 4(t) is the damping input signal
transmission delay, = is the delay upper bound or delay margin, 4 is the delay variation ratio,

Duvoc is the controller damping torque coefficient, K, is exciter gain constant, f is the
optimization fitness function.
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Simulation for system stability response with HVDC for generator oscillation damping
ratio was carried out in MATLAB R(2023a) and the flowchart is shown in Figure 3.
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Figure 3: Flowchart of Power System Response with HVDC VSC

1. RESULTS AND DISCUSSION

In this section, the simulation results of effect of placing HVDC VSC on the stability of
power system generator damping ratio at contingency on IEEE 30 bus are presented. The minimum
and maximum damping ratio were set to 0.03 and 0.05 to obtain the transient stability behavior of
the system generator oscillation. The line loss and change in bus voltage based on generator
oscillation damping ratio were determined. In addition, the voltage working range values of the
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load flow are ignored since the concern of this research is to validate the performance of the power
system with respect to the generator damping ratio limit.

Figure 4 illustrated the relationship between the damping ratio and the bus number of the
power system at 50% loading. It was observed that buses 5, 7, 16, 19 and 23 are the buses whose
generator oscillation damping ratio were fell short of the working range with damping ratio value
of 0.08, 0.06, 0.06, 0.08 and 0.08, respectively, and therefore potential buses for placement of
HVDC VSC. The line loss and change in the voltage bus of these buses were 0.27, 0.06, 0.01, 0.93
and 0.17 p,u; 0.09, 0.07, 0.08, 0.09 and 0.08 p.u, respectively as illustrated in Table 1. In addition,
the voltage magnitudes of these buses were reduced to 0.9310, 0.9430, 0.9329, 0.9341 and 0.9201
compared with the steady state values of 0.9360, 0.9970, 1.0150, 0.9950 and 1.0570 p.u,
respectively. Figure 5 presented the results of the total power losses in the system at 50% increase
in load. The total active and reactive power losses in the system were increased t0453.06 MW and
328.85 MVar which is higher compared to the steady state values of 324.31 MW and 228.85 MVar,
respectively.
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1 5 9 13 17 21 25 29
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Figure 4: Damping ratio and bus number of IEEE 30-bus system at 50% loading

Table 1: Line loss and bus voltage of selected buses of IEEE 30-bus at 50%

Voltage  Magnitude

Bus No (p.u) Line Loss (p.u) Bus Voltage (p.u)
5 0.9310 0.27 0.09
7 0.9430 0.06 0.07
16 0.9320 0.01 0.08
19 0.9341 0.93 0.09
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Figure 5: Total power losses of IEEE 30-bus at 50% loading

At 70% loading, the relationship between the damping ratio and the bus number of the
power system is depicted in Figure 6. It was observed that buses 5, 7, 16, 19, 23 and 24 were the
buses whose generator damping ratio were fell short of the working range with damping ratio value
of 0.09, 0.08, 0.08, 0.07, 0.09 and 0.08, respectively. Table 2 also, displayed the results of line loss
and change in the bus voltage of the selected buses with values of 0.33, 0.08, 0.02, 0.11, 0.04 and
0.24 p,u; 0.11, 0.09, 0.10, 0.08, 0.11 and 0.12 p.u, respectively. In addition, Figure 7 displayed
the results of the total power losses in the system at 70% loading. The total active and reactive

power losses in the system were increased to 543.66 MW and 396.90 MVar compared to the steady
state values.
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Figure 6: Damping ratio and bus number of IEEE 30-bus system at 70% loading

Table 2: Line loss and bus voltage of selected buses of IEEE 30-bus at 70%

Voltage
Bus No Magnitude (p.u) Load Loss (p.u) Bus Voltage (p.u)
5 0.9002 0.33 0.11
7 0.9210 0.08 0.09
16 0.9002 0.02 0.10
19 0.9041 0.11 0.08
23 0.9001 0.04 0.11
24 0.9000 0.24 0.12
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Figure 7: Total power losses of IEEE 30-bus at 70% loading

Figure 8 presented the results of the damping ratio and the bus number of the power system
at 90% loading. It could be observed that buses 5, 7, 16, 19, 23, 24, 26 and 29 were the buses that
fell short of the damping ratio working range with damping ratio value of 0.08, 0.08, 0.09, 0.09,
0.08, 0.09, 0.08 and 0.09, respectively, and therefore potential buses for placement of compensator
devices. The line loss and change in the bus voltage of these buses were 0.39, 0.85, 0.02, 0.14,
0.26, 0.29, 0.03 and 0.01 p,u; 0.10, 0.09, 0.11, 0.10, 0.13, 0.10 and 0.13 p,u; respectively as
illustrated in Table 3. In addition, Figure 9 presented the results of the total power losses in the
system at 90% increase in load. The total active and reactive power losses in the system were

increased to 652.05 MW and 476.3 MVar and this could result to total voltage collapse of the
power system

Damping Ratio
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Figure 8: Damping ratio and bus number of IEEE 30-bus system at 90% loading
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Table 3: Line loss and bus voltage of selected buses of IEEE 30-bus at 90%
Voltage Magnitude

Bus No (p.u) Load Loss (p.u) Bus Voltage (p.u)
5 0.9000 0.39 0.10
7 0.9202 0.85 0.09
16 0.9000 0.02 0.11
19 0.9200 0.14 0.10
23 0.9000 0.26 0.10
24 0.9000 0.29 0.13
26 0.9000 0.03 0.10
29 0.9000 0.01 0.13

M Active Power Loss

M Reactive Power Loss

800
600
400 | Reactive Power Loss

200

Total Power Loss es

/" Active Power Loss

Figure 9: total power losses of IEEE 30-bus at 90% loading

Table 4 showed the results of selected buses without and with HYDC VSC reinforcement
of IEEE 30-bus system at 50% loading. It was observed that an appropriate HVDC size of 400 km
long, 300 MW with corresponding cost of 176.2 M$ were placed at selected optimal buses 5, 16
and 23, respectively. It was observed that the voltage magnitude and generator damping ratio of
the selected buses at the contingency (5, 7, 16, 19 and 23) without HVDC were improved to 0.9500,
1.0500, 1.0105, 1.0000 and 1.0459 p.u.; 0.04, 0.04, 0.03, 0.03 and 0.04, respectively. Figure 10
presented the comparison of total active power losses of the IEEE 30-bus system without and with
HVDC VSC reinforcement at 50% loading. The total active power loss in the power system was
reduced to 301.92 MW compared to steady state and contingency value of 324.36 and 453.06 MW.

Table 5 presented the results of selected buses without and with HVDC VSC reinforcement
of IEEE 30-bus system at 70% loading. It was observed that an appropriate HVDC size of 470,
400 and 470 km long, 350, 300 and 350 MW with corresponding cost of 201.5, 176.2 and 201.5
M$ were placed at selected optimal buses 5, 16 and 23, respectively. It was observed that the
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generator damping ratio of the selected buses at the contingency (5, 7, 16, 19, 23 and 24) without
HVDC were improved to 0.04, 0.03, 0.03, 0.03, 0.04 and 0.03, respectively. In addition, Figure 11
showed the comparison of total active power losses of the power system without and with HVDC
VSC reinforcement at 70% loading. The total active power loss in the power system was reduced
to 310.01 MW compared to the contingency value.

Table 6 showed the results of selected buses without and with HYDC VSC of IEEE 30-
bus system at 90% loading. It was observed that an appropriate HVDC size of 470 km long, 350
MW with corresponding cost of 201.5 M$ were placed at selected optimal buses 5, 16 and 23,
respectively. It was observed that the voltage magnitude and generator damping ratio of the
selected buses at the contingency (5, 7, 16, 19 and 23) without HVDC were improve to 1.0000 p.u.
each and 0.04 each, respectively. In addition, Figure 12 showed the comparison of total active
power losses of the power system without and with HVDC VSC reinforcement at 90% loading.
The total active power loss in the power system was reduced to 318.63 MW compared with steady
state and contingency values of 324.36 and 652.05 MW.

Table 4: Effect of HVDC VSC on IEEE 30-bus system at 50% loading

without HVDC With HVDC
Voltage Voltage Unit
Bus Magnitude Damping Magnitude Damping Size Transmission Cost
No (p.u) Ratio (p.u) Ratio (MW) Length (km) (M$)
5 0.9310 0.02 0.9500 0.04 300 400 176.2
7 0.9430 0.01 1.0050 0.04
16 0.9320 0.06 1.0105 0.03 300 400 176.2
19 0.9341 0.01 1.0000 0.03
23 0.9201 0.01 1.0450 0.04 300 400 176.2
B Steady State
M Contingency at 50%
500 453.06 i with HVDC at 50%

430
400
350
300
250
200
150
100

50

Total Active Power Loss (MW)

Techniques
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Figure 10: Comparison of total active power loss of IEEE 30-bus system at 50% loading with
HVDC

Table 5: Effect of HVDC VSC on IEEE 30-bus system at 70% loading

without HYDC With HVDC
Voltage Voltage Unit
Bus Magnitude Damping Magnitude Damping Size Transmission Cost
No (p.u) Ratio (p.u) Ratio (MW) Length (km)  (M$)
5 0.9002 0.01 0.9560 0.04 350 470 201.5
7 0.9210 0.01 0.9970 0.03
16 0.9002 0.02 1.0150 0.03 300 400 176.2
19 0.9041 0.01 0.9950 0.03
23 0.9001 0.02 1.0450 0.04 350 470 201.5
24 0.9000 0.03 0.9630 0.03
M Steady State
H Contingency at 70%
600 543.66 i with HVDC at 70%

500

400

300

200

Total Active Power Loss (MW)

ioo

Techniques

Figure 11: Comparison of total active power loss of IEEE 30-bus system at 70% loading with
HVDC

Table 6: Effect of HYDC VSC on IEEE 30-Bus system at 90% loading

without HVDC With HVDC
Voltage Voltage Unit
Bus Magnitude Damping Magnitude Damping Size Transmission Cost
No (p.u) Ratio (p.u) Ratio (MW) Length (km) (M$)
5 0.9000 0.01 1.0000 0.04 350 470 201.5
7 0.9202 0.01 1.0000 0.04
16 0.9000 0.02 1.0000 0.04 350 470 201.5
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19 0.9200 0/01 1.0000 0.04 --- ---- -=--
23 0.9000 0.02 1.0000 0.04 350 470 201.5
24 0.9000 0.03 1.0000 0.04 ---- ---- ---
26 0.9000 0.01 1.0000 0.04 -—-- -—-- -—--
29 0.9000 0.01 1.0000 0.04
i Steady State
H Contingency at 90%
700 652.05 i with HVDC at 90%

610

500

400

300

200

Total Active Power Loss (MW)

100

Techniques

Figure 12: Comparison of total active power loss of IEEE 30-bus system at 90% loading with
HVDC

I11.  CONCLUSION

This study has successfully presented the effect of incorporating the HVYDC VSC on
electric power system generator oscillation damping ration. The L-VSI was used to identify the
critical buses for placement of the HVDC VSC on standard IEEE 30-bus system. The effect of
placing HVYDC VSC on the power system revealed that the generator oscillation damping ratio
was reduced within the acceptable limit and this caused a reduction in the system active and
reactive power losses, increase in customer energy growth and improvement in voltage magnitude
of the power system. Thus, it can be concluded that the effect of placing HVDC on the power
system improved the system generator oscillation stability and has positive impact (stability) on
electric power system
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