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Abstract: Integration of renewable energy sources is important in limiting the continuous environ-
mental degradation and emissions caused by energy generation from fossil fuels and thus becoming
a better alternative for a large-scale power mix. However, an adequate analysis of the interaction
with the alternating current (AC) network during network disturbance, especially during inter-area
power (IAP) oscillations is needed. Insufficient damping of oscillations can significantly impact the
reliability and effective operation of a whole power system. Therefore, this paper focuses on the
stability of the modified Kundur two-area four-machine (MKTAFM) system. A robust secondary
controller is proposed and implemented on a line commutated converter (LCC)-based multi-terminal
high voltage direct current (MTDC) system. The solution consists of a local generator controller and
the LCC MTDC (LMTDC) system, voltage-dependent current order limiter, and extinction angle
controller. The proposed robust controller is designed for the LMTDC systems to further dampen the
inter-area power oscillations. Three operational scenarios were implemented in this study, which are
the local generator controller and double circuits AC line, local generator controller with LMTDC
controllers, and local generator controller with LMTDC controllers and secondary controller. The
simulation result carried out on PSCAD/EMTDC recorded better damping of the inter-area power
oscillation with LMTDC. A considerable improvement of 100% damping of the IAP oscillations was
observed when a secondary controller was implemented on the LMTDC.

Keywords: inter-area power oscillation; two-area four-machine network; solar PV; high voltage
direct current; PSCAD; secondary controller

1. Introduction

An increase in the number of power system interconnections has resulted in inter-area
power oscillations, a phenomenon involving groups of generators oscillating relatively to
each other that are sometimes hard to control due to their scale and complexity [1]. Being
often of low frequency, these oscillations are becoming a big challenge to the safe operation
of modern power networks. When poorly damped, inter-area oscillation can further lead to
voltage or rotor angle instability, or system collapse. Inter-area oscillations have long been
a point of discussion among researchers, power utilities, and industries. The frequency is
always in the range of 0.1 to 1 Hz [2]. These oscillations lack damping or are unstable, and
when these disturbances take place due to crucial faults on the line, the network becomes
less stable.

Engineers and researchers in the power and control systems have worked extremely
hard over the past 20 years to increase the stability of power systems [3–6]. The standard
controllers, which include the power system stabiliser (PSS), automatic voltage regulator
(AVR), and speed governor control, are single-input single-output non-coordinated linear
controllers that are mostly not capable of ensuring stability when significant perturbations
or contingencies arise. In addition, the AVRs, which are generally employed to maintain
the terminal voltage magnitude of the synchronous generator, introduce negative damping
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torques, which have a detrimental effect on stability. Because of operating point variations
and short circuit disruptions, power systems exhibit electromechanical oscillations. These
frequency oscillations must be suppressed to the amount that is acceptable; otherwise,
instability might develop as their amplitude grows. In order to address these problems,
power system stabilisers (PSSs) are further utilised to produce an extra stabilising signal to
the excitation system to dampen these oscillations [7].

Other controllers like the Static Var Compensators (SVC) and flexible AC transmission
systems (FACTS) have also been deployed for inter-area oscillations damping; however,
under specific operating circumstances, an inter-area mode may be viewable from one area
and controllable from another [8,9]. In this situation, a failure or system disturbance in one
area will tend to have a greater effect than before in another.

Researchers have developed several efficient techniques to examine the low-frequency
oscillation issue [10–12]. Among these, the linearised state matrix’s modal analysis offers
a fundamental technique for analysing low-frequency oscillations. This approach may be
used to identify the system’s weakly damped oscillation modes, whether they are local or
inter-area. Using linear participation factors, it is possible to pinpoint the high association
between a few chosen generators and the weak-damped mode. A fuzzy controller can
also be used to provide a fast response and coordinated control of a wide area network
for quick damping of inter-area oscillations [13]. In [14], a Factional Order Proportional
Integral (FOPI) was used against the conventional PI controller with an adaptive differential
evolution algorithm to further provide an optimal tunning of the FOPI for performance
enhancements. Another work also carried out a data-enabled predictive control algorithm
on a voltage source converter-based high-voltage DC (HVDC) for optimal damping of wide-
area power oscillations [15]. A wide area damping controller (WADC) was proposed for
energy storage systems such as capacitors for the damping of low-frequency oscillations [16].
The authors used an accelerated particle swarm optimization technique for the turning
of the wide-area controllers. In the related research [17], the authors use dual power
oscillation dampers on the active and reactive power of a double-fed induction generator
for the damping of the inter-area power (IAP) oscillations.

However, the recent trend and transition towards renewable energy and the dereg-
ulation of the electricity market point towards the usage of different DC converter links,
which has led to different changes in generation and power transmission patterns as well
as grid topology [18]. Therefore, a change is required for a better controller to adequately
dampen inter-area oscillations before the generator control goes out of step, especially
when operating a thyristor-based multi-terminal HVDC system.

Therefore, this paper presents a novel method to model a multi-terminal line com-
mutated converter (LCC) transmission link to provide a robust, flexible, and expandable
oscillation damping for a modified Kundur two-area four-machine (MKTAFM) network.
The method used in this paper is to build and validate a secondary controller for one of the
rectifying stations of the multi-terminal direct current (MTDC) system. The topology of
the secondary controller is first tuned and adjusted precisely for the MTDC network. The
LCC-MTDC (LMTDC) grid is equipped with an overall power controller that optimises the
power flow and current sharing between the two rectifier stations. Therefore, this paper
focused on the control strategy of LMTDC grids in reducing the inter-area oscillation of
two-area networks. This control aims to minimise the ripple effect of faults on the AC grid
voltage and maintain a power balance in case of a fault in one of the areas.

In the first contribution of this paper, it shows how the stability of two asynchronous
grids can be improved. The second contribution of the paper shows how a coordinated
control of three-terminal LCC MTDC links can be used to avoid inter-area oscillations
interaction between two inter-area modes. The investigation carried out in this study
evaluates the performance of an MKTAFM and proffers a better means of inter-area oscil-
lation reduction with the use of some multivariable as well as robust controller designs.
Furthermore, this research design handles voltage control and power oscillation damping
issues concurrently. Our method is distinguished by the fact that the second level of control



Energies 2023, 16, 6295 3 of 18

action optimises the performance of the existing control of the rectifier stations and thus
improves the performance of the substation. The controller configuration and the parame-
ters required for this implementation are derived methodically from the MKTAFM system
model. The suggested secondary control is robust and merges an input–output linearisation
control method with a nonlinear control approach. This secondary controller constantly
adjusts its parameters in response to changes in working circumstances or structure, thus
significantly improving the MTDC controller’s effectiveness.

This paper is structured as follows: the authors first gave an insight into the theoretical
analysis of inter-area oscillation utilising a two-machine network. The MTDC model
used was then presented alongside the control architectures, which are the main MTDC
controllers as well as the secondary controller. The test system modelling and the schematic
diagram were then explained. Furthermore, the methodology based on the fault analysis
on the test network was given, and the results were then presented. Then, the conclusion
section follows, which summarises all the work carried out in this paper.

2. Inter-Area Oscillations

Inter-area oscillations, which are oscillations occurring between different regions
within a synchronously connected power system, represent the most critical threat to
the reliable and stable operation of such a power system [19]. In situations where the
conventional control mechanisms, due to either weak tie-lines or inadequate grid strength,
are incapable of effectively dampening the system’s oscillations following a disturbance,
inter-area oscillation phenomena may arise [20]. The ability of an electrical power system
to maintain stability in the face of these minor disturbances is referred to as small-signal
stability. In contrast to small-signal perturbations, the nonlinear equations governing power
systems can be linearised around a specific steady-state operating condition. Due to the
inherent weak damping characteristics of inter-area oscillations, there exists a significant
probability of irreversible and extensive blackouts, which can lead to severe economic
losses and potential loss of human life, thereby resulting in catastrophic consequences.

The small-signal stability is evaluated using eigenvalue analysis, sometimes referred
to as modal analysis. This study is primarily intended to reduce inter-area power oscilla-
tions. The theoretical background of the small-signal stability of a power system is further
provided in Equations (1) to (5). The synchronous machine’s inertia fluctuations are initially
analysed to determine the damping coefficient needed to reduce power system oscillations
as effectively as possible. The coefficient of damping signifies the adequate torque needed
to control the synchronous speed. Figure 1 [20] gives a schematic of a basic two-area system
consisting of two incoherent machines with inertias of the generator denoted by Ha and
Hb while δa and δb indicate the rotor angle of areas A and B oscillating at two distinct
frequencies and amplitudes. Equations (1) and (2) give the swing equation for individual
machines, which, when subtracted, gives (3). Equation (4) is generated by dividing (3) with
the inertia coefficients shortly before the second derivation. Further simplification gives (5).
To avoid the complexities of swing equations for numerous synchronised machines during
the stability analysis of a large system, all swing equations must be combined to minimise
the total amount of iterations needed to produce the final swing equations. The total system
equivalent rotating inertia is obtained by adding the rotating inertia H of each generating
unit [21].

Pma − Pea = Ha ·
2
ω

· ∂2δa

∂t2 (1)

Pmb − Peb = Hb ·
2
ω

· ∂2δb
∂t2 (2)

Pma − Pea

Ha
− Pmb − Peb

Hb
=

2
ω

·
(

∂2δa

∂t2 − ∂2δb
∂t2

)
(3)
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2
ω

·
(

Ha Hb
Ha + Hb

)
·
(

∂2(δa − δb)

∂t2

)
=

HbPma − HaPmb
Ha + Hb

− −HbPea − HbPeb
Ha + Hb

(4)

2
ω

· Hab ·
∂2δab
∂t2 = Pabm − Pabe (5)
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Figure 1. Schematic diagram of a two-area network with two machines [20].

The difference in rotor tilt angle between the two generators and the corresponding
inertia constant is given as Hab, and δab as shown in (6) and (7), respectively. Pmab and
Peab in (8) and (9) are the respective electrical and mechanical power between the two
generators. The damping constant KD denotes the swing characteristics of the synchronous
machine, and it is described using the second-order differential equation in (10). The
undamped natural frequency (ωn) and the damping coefficient (ζ) required to fully reduce
the oscillation amplitude are given in (11) and (12), respectively. Since the inertia constant
and the oscillation frequency are indirectly proportionate, a power network that is equipped
with a high constant of inertia is less prone to faults and vice versa. This demonstrates that
the output supplied power has a direct impact on the system’s inertia constant. As a result,
increasing the stability condition of the power system necessitates an inertia constant value
that is greater than 3.5 pu.

Hab =
Ha Hb

Ha + Hb
(6)

δab = δa − δb (7)

Pabm =
HbPma − HaPmb

Ha + Hb
(8)

Pabe =
HbPea − HbPeb

Ha + Hb
(9)

2
ω

· Hab ·
∂2δab
∂t2 + KD

∂δab
∂t

= −P cos(δo)abmax (10)

ωη =

√
ωP cos(δo)abmax

2Hab
(11)

ζ =
1
2

KD

√√√√ ω

2P cos
(

δo)ababmax

(12)
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3. System Model
3.1. Test Network Modelling

The system under investigation in this research paper is a network, depicted in Figure 2.
It comprises four synchronous generators situated in two distinct areas, a 50 MW grid-tied
solar PV connected at BB2, and a three-terminal line-commutated multi-terminal direct
current (LMTDC). The synchronous generators employed in this study are equipped with
an IEEE AC4A exciter for automatic voltage regulation (AVR) and an IEEE single-input
power system stabiliser (PSS). To introduce a significant line impedance, the transmission
line linking BB10 to BB11 was modified, increasing its distance from 25 km to 80 km.
Consequently, a double-circuit transmission line was utilised to enhance the power transfer
between area 1 and area 2. Subsequently, a real-time domain modelling and simulation
approach is employed to analyse the complete generator’s inter-area power and frequency
oscillations. Two system faults are simulated to represent a worst-case scenario. The power
output, synchronous speed, and inter-area power transmission of each generating unit are
plotted during these system disturbances. Bus BB7, BB8, and BB9 are selected for power
transfer quality analysis at these locations and to verify the voltage profile. This mode is
classified as inter-area since it involves two coherent sets of generators oscillating at a low
frequency in opposition to each other.

Energies 2023, 16, x FOR PEER REVIEW 6 of 19 
 

 

𝑧 = ℎ 𝑥, 𝑦, 𝑢  (15) 

The vector x in these equations represents the state variables, the vector y represents 
the algebraic variables, the vector u represents the input variables, and the vector z repre-
sents the output variables. These equations regulate the dynamic behaviour of the many 
types of models used in this study. The specific equations relating to the dynamic behav-
iour of these models are discussed in the following sections. 

 
Figure 2. The Kundur two-area four-machine network. 

3.2. Grid-Tied Solar PV Analysis 
A single solar PV source is a proportionate equivalent of several strings of PV mod-

ules connected in parallel with each of the string modules connected in series. With iden-
tical arrays of PV modules, a general analysis can be given for a single model solar cell as 
shown in Figure 3 using the electrical equivalent circuit [23,24]: 

 
Figure 3. Solar PV cell model. 

The generated photocurrent, denoted as Is, in a photovoltaic (PV) cell exhibits a linear 
relationship with the solar irradiance it is exposed to from sunlight. However, the pres-
ence of the anti-parallel diode results in non-linear current-voltage (I-V) characteristics of 
the PV cell. By applying Kirchhoff’s current law to the circuit, (16) is obtained. Equation 
(18) is derived by substituting the relevant expressions for the diode current (ID) and the 
shunt branch current (I1). The modified non-ideal factor, expressed in (18), is directly pro-
portional to the temperature of the cell, denoted as Tc. The photocurrent, as described in 
(19), is dependent on the solar radiation (G) incident on the PV cell’s surface and the cell 
temperature (Tc). The short circuit current (ISCR) is defined with respect to a reference solar 
radiation (GR) and a reference cell temperature (TR). The parameter αT represents the tem-
perature coefficient of the photocurrent, with a value of αT = 0.0017 A/K for silicon solar 

Figure 2. The Kundur two-area four-machine network.

Power Systems Computer Aided Design (PSCAD) was used to model the synchronous
machines, which included the IEEE controller model for the AVR and the PSS. All generators
were evaluated in terms of the true inertial constant and were linked together by a step-
up transformer of 20/230 kV voltage range and an apparent power rating of 900 MVA.
During the evaluation time, a constant value was pre-selected for the governor control
for all four machines to obtain an in-depth impact of the DC controller, AVR, and PSS
effects on minimising the disturbances caused by the fault on the complete model. The
authors in [2,20,22] gave an explanation about the modelling of these machines and further
provided the parameters for both the generators and the transformers and the line models.

In the dynamic simulation of this network, three operational scenarios were considered:
(1) usage of only the AC line on the MKTAFM network; (2) usage of LMTDC link to
interconnect bus BB6 (rectifier 1) or BB11 (rectifier 2) to the inverter station at bus BB9; and
(3) implementation of a secondary controller on the rectifier 1 station. During the second
and third scenarios, a single circuit was used rather than the double circuits shown in the
MKTAFM network. This measure was taken to avoid excessive power transfer across the
bus and to also show the scenario of replacing an existing AC line with DC lines, thereby
showing the impact of it on the overall system.
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The power system’s dynamic characteristics are captured by the collection of nonlinear
differential algebraic equations, which serve as the mathematical representation of the system.
Equations (13)–(15) express these dynamics’ analysis of the power system interconnections.

.
x = f (x, y, u) (13)

0 = g(x, y, u) (14)

z = h(x, y, u) (15)

The vector x in these equations represents the state variables, the vector y represents the
algebraic variables, the vector u represents the input variables, and the vector z represents
the output variables. These equations regulate the dynamic behaviour of the many types
of models used in this study. The specific equations relating to the dynamic behaviour of
these models are discussed in the following sections.

3.2. Grid-Tied Solar PV Analysis

A single solar PV source is a proportionate equivalent of several strings of PV modules
connected in parallel with each of the string modules connected in series. With identical
arrays of PV modules, a general analysis can be given for a single model solar cell as shown
in Figure 3 using the electrical equivalent circuit [23,24]:
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Figure 3. Solar PV cell model.

The generated photocurrent, denoted as Is, in a photovoltaic (PV) cell exhibits a linear
relationship with the solar irradiance it is exposed to from sunlight. However, the presence
of the anti-parallel diode results in non-linear current-voltage (I-V) characteristics of the
PV cell. By applying Kirchhoff’s current law to the circuit, (16) is obtained. Equation (18)
is derived by substituting the relevant expressions for the diode current (ID) and the
shunt branch current (I1). The modified non-ideal factor, expressed in (18), is directly
proportional to the temperature of the cell, denoted as Tc. The photocurrent, as described
in (19), is dependent on the solar radiation (G) incident on the PV cell’s surface and the
cell temperature (Tc). The short circuit current (ISCR) is defined with respect to a reference
solar radiation (GR) and a reference cell temperature (TR). The parameter αT represents the
temperature coefficient of the photocurrent, with a value of αT = 0.0017 A/K for silicon solar
cells. The dark saturation current (Io), given by (20), is influenced by the cell temperature,
where IoR represents the dark current at the reference temperature. In these equations,
q denotes the charge of an electron, k represents the Boltzmann constant, e.g., corresponds
to the band-gap energy of the solar cell material, and n is the ideality factor when kTc = q.
The instantaneous values of solar radiation (G) and the operating temperature (T) of the
cell are measured in watts per square meter (W/m2) and degrees Celsius (◦C), respectively.

Considering that a PV module comprises numerous cells connected in series, and a
PV array consists of both series and parallel combinations of modules, the circuit model of
a single cell can be scaled up to represent any desired series/parallel configuration.

Is = ID + I1 + I2 (16)
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I2 = Is − Io

(
e

Vout+I2R2
m − 1

)
−
(

Vout + I2R2

R1

)
(17)

m =
nkTc

q
(18)

Is = ISCR ·
(

G
GR

)
· [1 + αT(TC − TR)] (19)

Io = IoR ·
(

TC
TR

)3
· e
[

qeg

nk

(
1

TR
− 1

TC

)]
(20)

3.3. PV Modelling

The schematic diagram presented in Figure 4 illustrates the comprehensive config-
uration of a grid-connected photovoltaic (PV) model consisting of DC–DC and DC–AC
converters block diagram within it (parameter details in Appendix A). The components
encompassed in this scheme include PV arrays, a DC–DC boost converter, a voltage source
converter for DC–AC conversion, and an AC filter. The PV subsystems are capable of
functioning in two primary modes, namely, continuous conduction mode (CCM) and
discontinuous conduction mode (DCM). In solar PV applications, the CCM is the preferred
mode of operation [25].
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The PV system in this study utilised a DC–DC boost converter model as shown in
Figure 4. It serves as a step-up converter extensively employed for integrating low-voltage
PV modules with the utility grid. Furthermore, it fulfills the role of maximum power point
tracking (MPPT) under nominal utility conditions. In the boost converter, the voltage
is increased by adjusting the duty cycle. The DC–DC converter plays a vital role in a
solar PV application by transforming the input direct current from one voltage level to
the required level. It serves as a crucial component for maximum power point (MPP)
tracking. The operation of the DC–DC converter serves as the foundation for detecting the
MPP, as outlined in the proposed global MPPT control algorithm. In practical scenarios,
despite the implementation of MPPT, the output voltage of a PV string remains significantly
low. Therefore, a front-end DC–DC converter with step-up capability is necessary for grid
connection. The fundamental principle behind the MPPT algorithm relies on harnessing
the voltage and current variations resulting from instantaneous power fluctuations. By
analysing these variations, it becomes possible to determine the power gradient and assess
whether the solar PV system is operating near the maximum power point. The maximum
power delivered by the solar PV array is the product of the optimal operating voltage and
current of the PV array at the maximum power output condition.

To achieve grid synchronisation, an inverter is necessary. The control of the inverter
governs the power and frequency on the AC side while minimising system harmonics.
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The switches within the inverter are controlled through the implementation of an inverter
control algorithm [26].

3.4. MTDC Design

The standard control approach of LMTDC converters requires rectifier stations to be
in DC current control (DCC) mode. Voltage-dependent current order limiter (VDCOL)
and current control are further used to provide a better current order control. As shown
in Figure 5, the DCC method is used at the rectifier 1 substation. The current order is
generated by either selecting the reference input current deployed by the overall power
controller or by selecting the current order from the VDCOL. The VDCOL gets its input
from the intended filtered DC current (Idcrect1) measured from the DC line. The lower value
of any of the two is chosen as the standard current order (Iord) for the generation of the firing
angle for the rectifier. The same process is used at the rectifier 2 substation as illustrated
in Figure 6. The difference between the rectifier 1 and the rectifier 2 controller is that the
rectifier 1 substation has another current order input from the secondary controller (SC).
Also, both rectifiers have different power-carrying capacities and are thus rated differently
in the parameters that are used for their control signals.
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Various control approaches can be used to regulate the inverter, including extinction
angle control (EAC), DCC, and DC voltage control (DVC). The reference signal is acquired in
the same manner as in the rectifier control mode as shown in Figure 7. However, unlike the
rectifier’s DCC, the inverter’s DC current is limited to the difference between the amount
of the standard current order and that of the current margin (Imarg). In other to positively
influence the power reversal process, the current margin is programmed into the inverter
current control and normally set on a fixed range of 0.1–0.15 pu. A current error control
(I-error) indication is commonly used between the DCC and the DVC. This generated
I-error can also be inserted between the DCC and the EAC to smoothen changes between
the control modes. The smallest of these generated parameters is chosen as the inverter
control parameters because it is preferable to run the inverter at the smallest extinction
angle possible to reduce the power losses, reduce the amount of reactive power needed to
compensate for the thyristor valve, and, ultimately, reduce the harmonic distortion content.
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For every input of this control signal, being in per unit, it must undergo a first-order
inertia transfer function to make the control switching process a smooth transition. The
equation is expressed as follows: (

G1
1

1 + sT1

)
(21)

The LMTDC system’s fault vulnerability is entirely dependent on its general coordina-
tion; thus, each converter’s controllers were preset and adjusted to fit the case study. The
overall power controller regulates and oversees the LMTDC link’s converter operations.
It accepts a varying power order measured from the systems. This controller yields the
current order after being divided by the measured DC voltage by guaranteeing that the
total DC current of all converters is zero (Idc = 0). The master control, seen in Figure 8,
is responsible for balancing the combined converter’s power and current order. This
controller generates the current order for each converter system based on the measured
voltage at each converter station and a preset power order. It also provides allowance and
compensation in case of DC line losses.
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The LMTDC used in this study comprises a three-terminal thyristor converter. The
firing angle at rectifiers and converter units is used to regulate the DC voltages. The overall
power controllers generate the input value of the DC current for each of the converter’s
stations. The DC voltage for the rectifier and inverter stations, as well as the rectifier firing
angle, are expressed below [27–29]:

Vdr = 3.12BTU cos α − 0.96BXc Idc (22)

Vdi = 3.12BTU cos β + 0.96BXc Idc (23)
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αc = cos−1
(Udc + Idcre f Rdc + 0.955BXIdcre f

3.1213 · BTU

)
(24)

The subscripts r and i in the (22) to (23) stand for rectifier and inverter. The rectifier
and inverter DC voltage are denoted as Vdr and Vdi, while the RMS L-L converter voltage
is shown as U. The number of series-connected bridges of the thyristors is denoted by B.
Therefore, for a 12-pulse thyristor converter, B = 2; meanwhile, a bipolar HVDC system
will have a B-value of four. The firing angle (α) in (24) is the required angle at which the
converter gets turned on and begins to conduct; X denotes the commutation reactance, and
Rdc is the total resistance at the DC side of the converter. Also, T stands for the transformer
ratio, and the AC voltage as each of the converter stations is depicted as U.

The classic secondary controller (SC) adopted in this study is like the power oscillation
damper that has the same mode of construction as a generator’s PSS (power system
stabiliser), which includes a washout filter, a gain G, and ‘p’ phase lead-lag blocks (Figure 9).
The transfer function provided in (25) defines the secondary controller equations with the
parameter details in Table 1. The washout filter is typically used as a link between the
measured signal and the used signal in the control loop to washout (or reject) the steady-
state component of the measurements while passing the transient ones. The traditional
parametric tuning method comprises two steps: (i) the calculation of T4 and T5 to adjust
the phase of the mode’s residue to 180◦ and (ii) the adjusting of the gain G to achieve the
required damping. The output control signal from each of the transfer functions during the
simulation of the whole system is plotted in Figure 10.

Hsoc =

(
G1

1
1 + sT1

)
·
(

G2
sT2

1 + sT3

)
·
(

G3
1 + sT4

1 + sT5

)n
·
(

G4
1

1 + sT6

)
(25)
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Table 1. Optimised parameter values.

Model Parameter Value

SC Gain G1, G2, G3, G4, [0.006; 0.31; 1.01; 0.24]
SC Time (s) T1, T2, T3, T4, T5, T6 [0.012; 1.5; 1.5; 0.514; 0.172; 0.055]

Figure 10. Measure control input during the simulation of the secondary controller.

4. Methodology and Scenarios

To study the small-signal characteristics of an MKTAFM network during the integra-
tion of solar PV systems, a dynamic RMS simulation was performed on PSCAD/EMTDC, a
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power systems simulation software designed for the simulation of electromagnetic transient
analysis of DC networks. The base case study, which is termed the first scenario of using
only the AC lines and solar PV, was first analyzed. The simulation included a fault analysis
where a three-phase-to-ground (3Ph-G) fault occurred on the L7 line connecting BB7 and
BB8, with a fault clearing time of 210 ms and a disturbance of 1.2 s on GenC. Both events
happened concurrently at the 2.0 s mark time during the simulation, thus affecting different
areas of the system to truly test the limits of the power system operation. The chosen
disturbances simulated signify a worst-case scenario. The second scenario recorded a few
changes, as three of the transmission lines, L4, L7, and L9, were replaced with DC lines (see
Figure 2), but the same fault impedance was applied to the system when it was connected
to the LMTDC link. The same situation applies to scenario 3 with LMTDC lines; however,
it differs in the inclusion of the secondary controller for the quick damping of the inter-area
power oscillation.

In all the scenarios covered in this study, the power generated by GenB and the solar
PV link never changes, as shown in Figure 11, with GenB and the solar PV recording an
active power of 622 MW and 50 MW, respectively. The goal of this study is to evaluate the
controller contribution of LMTDC in reducing inter-area power oscillations even during a
high penetration of renewable energy.

Figure 11. Active power for (a) solar PV, and (b) GenB.

5. Results

The results of the dynamic analysis using PSCAD/EMTDC simulation tools consisted
of observations of the generator’s active power, oscillation speed, and converter data. The
magnitude and damping rate of the oscillation were studied for both situations for the
inter-area power oscillation. The generator speed also provides information about the
contributing element for each generator in the oscillatory phases. Since the focus is on the
inter-area oscillation, the system short circuit fault time was limited to a short period of
210 ms. After these system disruptions, a positive damping coefficient was recorded during
all scenarios, i.e., the systems maintained their pre-fault steady state condition, albeit with
distinct amplitudes and waveform distortion.

The plot shown in Figure 12 is the active power for all the generators in the three
scenarios. In the first scenario, the synchronous machine 2 (GenB) power dips lowest to a
201 MW value at the instant of the 3Ph-G fault occurrence; GenA follows thereafter. This
dip in GenB is due to the near proximity to the transmission line fault following a decline
in the active power produced by GenC due to a protracted generator disruption nearing 1 s
simulation time on GenC. The active power recorded on this generator reached 916 MW,
nearly 1.4 pu of its operating state value, due to the increase in the accelerating power after
being subjected to a fault. Another observation in this plot is the inaccuracy in the power
generated in each generator due to the high line impedance and losses on each of the AC
lines used. Furthermore, GenD generated the largest share of the load power, followed by
GenB, GenA, and then GenC. This disparity is caused by the high line impedance between
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GenC and the load area. This points to the fact that even the inclusion of the solar PV link
is still not sufficient to provide an adequate damping torque that can sufficiently dampen
the power oscillations.

Figure 12. Active power and synchronous speed plot.

The second scenario involves the replacement of all the double transmission circuits in
the system with a single transmission line and DC lines, with the DC lines forming a three-
terminal DC (LMTDC) link. A performance comparison was carried out with regards to
the first case study to determine which links achieved better inter-area oscillation reduction
and to investigate if the LMTDC link can damp oscillation generated by solar PV during
system disturbance. In Figure 12, the active power shown in this plot exhibited a close-to-
average power generation. This close range of power transfer is due to the benefits offered
by the LMTDC system in loss reduction and enhancement of power transfer. Therefore,
after the 3Ph-G fault, due to a continuous generator fault, GenD and GenC registered the
greatest power amplitude of 916 MW. These amplitudes resulted in greater inertia value
in recovering the normal operating point of the complete network. GenB still recorded
the lowest dip of 175 MW. However, a better power profile can be seen in this plot as
all four generators recorded a close range of power. The functionality of this was made
possible with the inclusion of the LMTDC link, which further helped in the active power
dispatch. However, the simulation plots at this stage still contain a number of oscillations.
The inclusion of the secondary controller to the rectifier 1 station totally eradicated these
oscillations at 5.8 s simulation time.

Figure 12 shows the frequency swings of the generators that were observed in the
system. This result comprises incoherent machines, with area A having a different inertia
constant compared to area 2. This results in the generators in area A swinging with the
machines in area 2. The highest oscillatory modes, up to 1.007 pu, were observed in the
GenA and GenB subplots. The machine’s accelerating power played a role in meeting
the expected load demand in area B, which led to the maintenance of a stable operating
state, albeit with a high oscillating frequency. During the first two scenarios, the generators’
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power system stabiliser (PSS) and automatic voltage regulator (AVR) controllers had
already provided damping torque to maintain stable operating points. However, this
was insufficient in quickly generating a damping coefficient that would adequately and
effectively return the entire test network to its steady-state operational state. An increase in
the fault clearance time (tc = 300 ms) would result in system collapse, where the systems
can no longer maintain a stable operating point. In Figure 12, the synchronous speed for
GenC and GenD both followed the same pattern of system oscillation being similar in
area 2; the same applies to GenA and GenB in area 1.

In the third scenario, although initial oscillation is the same as the previous scenarios,
the inclusion of the secondary controller into the KMTAFM network generated a quick
damping torque for the system to quickly return to its steady state condition.

Following the fault, BB7, BB8, and BB9 in Figure 13 illustrate the bus voltages during
the three scenarios. In order to fully understand the comparison between the three different
scenarios based on the voltage profile, the busbar voltage was grouped together, indicating
a particular bus voltage for the three different scenarios. The observation of these voltage
profiles shows that BB8 is the weakest bus in the network across all three scenarios, which
can be attributed to its distance from the generating plants in both areas. BB7 followed as
the second weakest bus. However, the second scenario recorded a better voltage profile
than when only HVAC and solar PV were used. The plot also indicates that an increase in
transmission distance between BB10 and BB11 did not have a significant impact on BB9’s
voltage profile in contrast to the other buses examined in both scenarios. During the third
scenario, the oscillations observed in the system voltage profile were completely improved,
and the system’s steady conditions were stabilised after approximately two cycles (5.8 s of
simulation time).

Figure 13. Bus voltage profile.

Figure 14 shows the impact of the LMTDC in reducing the oscillation after the system’s
disturbance. The plot was categorised into two parts, depicting the scenario with and
without the secondary controller. The voltage-dependent current order limiter has a look-
up graph based on the V-I characteristics of the converter that helps the converter in
reducing the amount of current that flows through the link when the voltage reduces. By
doing this, the converter reduces the amount of power that flows through the link during
this disturbance and thus reduces the amount of reactive power consumption. The current
output from the VDCOL is passed through a PI controller that further generates the firing
angle for each of the converters. The scenarios without the inclusion of the secondary
controller recorded a ripple that was still very much visible at the end of the simulation
time. These oscillations are still further cumulated into the firing angle for each of the
converters. The inclusion of the secondary controller created an immediate ripple that
further provided a quick, sufficient, and robust damping torque in totally eradicating the
oscillations in the current output from the VDCOL and further provided a better firing
angle, and thus a better DC power output.
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Figure 14. LMTDC converter plots.

Figure 15 demonstrates the inter-area power transfer between BB7 and BB9. The
study revealed that without the presence of MTDC links, the inter-area power oscillations
had a slow damping rate during the initial scenario, where only AC transmission lines
were used. During the post-fault transient condition, the two areas in the study system
contributed more to the oscillations, which delayed the system from reaching a steady-state
condition. However, the addition of the MTDC link showed that the damping rate of the
inter-area power oscillations increased significantly during the same disturbance scenario.
The amplitude of the IAP transfer likewise showed a considerable positive damping rate,
leading to a more stable operative condition. However, not all the inter-area oscillation
was fully damped at the 8 s simulation time. Therefore, a secondary controller was further
used. The result from this analysis shows a better oscillation damping, whereby all the
oscillation was completely damped at exactly 5.8 s simulation time. During this scenario,
the active power transfer comprised the power transmitted from the AC line L6 to line L8
and the DC power transmitted through the rectifier 1 converter link. The plot indicates that
the damping ratio resulted in a complete suppression of the oscillation amplitude’s value
during the second period of simulation.
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Figure 15. Inter-area power oscillation.

Performance Comparison

In this section, a comparison of various schemes, presented in Table 2, is conducted to
assess the contributions of the proposed model and controllers. The highlighted reviews are
based on authors who carried out inter-area power oscillation studies using the two-area
four-machine (TAFM) network.

Table 2. Performance comparison of the proposed model.

Ref Method Performance in Comparison to This Study

[30]
Adaptive online control design for a power system

stabiliser (PSS) and comparing the classic PSS
controller and an online tuned PSS.

The results based on the 3Ph-G faults show little
impact as both the classic and the online tuned PSS
recorded some amount of oscillation even at 10 s

simulation time.

[31]

They used weighted signals representing different
areas to optimize a PSS. They used two

optimization methods: the Harmony Search (HS)
algorithm and the Teaching Learned Based

Optimization (TLBO) technique.

The TLBO with the PSS provided a quick settling
time of the bus voltage oscillation and recorded a

settling time of 4.8 s, but fails to include the
dynamics of HVDC/MTDC lines on the systems.

[32,33]

They used VSC HVDC power oscillation dampers
(POD), PSS, and wide area measurement

signals-based controllers designed with a novel
linear quadratic gaussian (LQG) method.

The result utilising LQG POD provided a better
oscillation reduction technique. However, the time
taken to reach a total settling phase is around 12 s.

[34,35]

These literatures used an enhanced static
synchronous compensator to damp inter-area
power oscillation and also compared different

FACTs devices.

The result shows an improved power oscillation;
however, at a longer simulation time of ∼= 10 s. It
also differs from the present study as no MTDC

link was used.

[36–38]
They used a single thyristor controlled braking

resistor and dual fuzzy logic for the minimization
of inter-area power oscillation.

A reduced oscillation was recorded, but the 3-phase
fault on the line generated a prolong oscillation.

[39,40]
They used a clustering distributed generator to
provide more reserves for generators. They also

used a phase wide area measurement for the control.

They recorded a quick settling time, but the DGs in
the load bus provided a quick supply to the load.

An MTDC link was not included.

6. Conclusions

The small-signal stability of two incoherent machines is one of the biggest problems
facing power utilities. Further problems also arise during the integration of renewable
energies, especially solar PV with high levels of intermittencies. Therefore, in this study,
a secondary control technique that utilises a hierarchical control structure to enhance the
damping of inter-area oscillation stability was introduced. The solution is multi-faceted,
consisting primarily of the local controllers, voltage and rotor speed regulator, a centralised
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power controller for the LMTDC, and a current and extinction angle controller for the
LMTDC model. These joint controllers were added to maximally improve the system
performance. Firstly, a dynamic simulation model of an MKTAFM network was developed
(first scenario). In the second scenario, a generator disturbance at GenD and a 210 ms 3Ph-G
fault on the transmission line (L6) linking BB7 to BB8 were considered, with both faults
occurring at 2 s simulation time. In the third scenario, the system response consisting of
the details of the generators was monitored on a plot, and the times at which the system
experienced a highly imbalanced waveform were obtained, as well as the time taken for the
generator control to sufficiently dampen the system’s oscillations. Afterwards, a study case
involving the replacement of the double transmission lines on the network with an LMTDC
system (second scenario) was implemented. A secondary control was further added to the
LMTDC (third scenario). Finally, a nonlinear time-domain dynamics analysis was carried
out on the LMTDC network, and the generator and the bus voltage profile were monitored.

Following the 3Ph-G fault on the test network, the poorest damped modes in each grid
scenario being observable confirmed that the implementation of the secondary controller
on the LMTDC provided a 100% damping of the oscillation at exactly 5.8 s simulation time
with zero rates of change of the amplitudes compared to the first and second scenarios.
The same is seen in the inter-area power transfer between BB7 and BB9, which initially
recorded a continuous oscillation due to insufficient damping torque. The findings thus
show that the proposed novel controller is durable, significantly raises the stability limit of
the entire system, and improves the performance of primary controllers.

Further research will be conducted to reduce the sensitive response of the controller
to large and non-uniform transmission delays and its impact if added to other LMTDC
substations. Another point of focus is also to reduce the transient increase in the firing
angle of the LMTDC converters during faults.
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Appendix A

Table A1. Solar PV system specifications.

Parameter Value

Maximum power 250 W
Short-circuit current per cell 2.5 A

Current at maximum power point 2.0 A
Temperature coefficient of Is 0.001

Modules connected in series per 35
Modules connected parallel pers 11,000

Cells connected in series per module 35
Reference radiation 1010

Reference cell temperature 29
Diode Ideality factor (m) 1.5

PV system rating/system base 50 MW
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