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ABSTRACT

For the past few decades, the construction of generation facilities and new
transmission lines have been delayed in light of rising energy cost, environmental
concerns, rights-of-way (RoW) restrictions and other legislative and cost problems. In
addition, system stability issues may render long distance AC transmission infeasible.
In this respect, High-Voltage DC (HVDC) transmission requires a smaller RoW,
simpler and cheaper transmission towers, reduced conductor and insulator costs,
reduced losses and is not limited by stability considerations. A HVDC link can
augment system reliability by interconnecting two asynchronous AC grids and can

integrate offshore wind farms with onshore AC grids.

The first commercial application of HVDC transmission took place between
the Swedish mainland and the island of Gotland in 1954, using mercury arc valves.
Subsequently, the first 320 MW thyristor based HVDC system was commissioned in
1972 between the Canadian provinces of New Brunswick and Quebec. Continuous
development in conversion equipment led to reduced size and cost which resulted in
more widespread use of HVDC transmission. The thyristor based line commutated
converter (LCC) based HVDC (LCC-HVDC) technology now constitutes the bulk of

the installed HVDC transmission corridors over the world.

With LCC-HVDC, for controlling the active power, both the rectification and
inversion processes consume reactive power. This necessitates the use of reactive
power sources to match the reactive power demand at both ends. To reduce the effects
of harmonic voltages and currents generated by the converters, harmonic filters are
used on both the AC and the DC sides. Also, a minimum short circuit level is required

to avoid voltage instability. However, despite its limitations, LCC-HVDC possesses
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high reliability, good overload capability and lower converter losses. It requires low
maintenance and capital cost and is robust to DC fault currents due to its current

regulating nature.

Subsequently, the development of the Insulated Gate Bipolar Transistor
(IGBT) paved the way for the Voltage Sourced Converter (VSC) based HVDC (VSC-
HVDC) technology, which offered significant advantages over the LCC-HVDC.
VSC-HVDC facilitates independent active and reactive power control, along with
reduction in filter size [8] - [18]. VSC-HVDC also enables the integration of offshore
wind farms with AC grids. Compact, modular designs of the VSCs enable rapid
installation, commissioning and relocation. Unlike LCC-HVDC, fixed DC voltage
polarity in the VSC-HVDC enables the use of stronger and lighter XLPE cables,
suitable for under-sea environment and attractive for offshore transmission. In
addition, VSC-HVDC systems can be integrated with AC systems having low short

circuit ratios.

The first 3-MW, VSC-HVDC link was commissioned at Hellsjon in Sweden
in 1997. Subsequently, rapid development in the VSC technology has now resulted in
the availability of higher rated (up to 2000 MW) VSC-HVDC links. This has resulted
in the installation and commissioning of a large number of VSC-HVDC systems

worldwide.

Now, in both LCC-HVDC and VSC-HVDC systems, the converter stations
can be connected in two ways - back-to-back (BTB) and point-to-point (PTP). Most
of the MTDC systems installed worldwide are in PTP configurations, their DC sides

being interconnected through DC links or cables.
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Unlike a two-terminal HVDC interconnection, a multi-terminal HVDC
(MTDC) system is more versatile and better capable of utilizing the economic and
technical advantages of HVDC technology. Moreover, sources of renewable energy

can be easily integrated with a MTDC system, as and when the need arises.

For proper MTDC operation, DC voltage control is an essential requirement.
In this respect, several control techniques have been envisaged. These include DC
slack bus control (also known as DC master-slave control), distributed DC voltage
droop control, power synchronization control, hierarchical power control and transient

management control.

However, among all the DC voltage control techniques, the DC slack bus
control and distributed DC voltage droop control have been the more popular and

widely employed ones.

In DC slack bus control, the voltage of one DC terminal, known as the DC
slack bus, is maintained constant by the master converter. The main disadvantage of
this control scheme is the DC grid instability following a failure of the master

converter.

The above problem can be tackled by ensuring that individual converters
contribute to the DC voltage regulation scheme by adjusting their active power flow
in response to changes in the DC voltage with the operating point, known as DC
voltage droop control. For MTDC control, both linear and nonlinear types of DC
voltage droop characteristics have been envisaged to ensure proper sharing based on
the converter ratings. Voltage-Power (V-P), Voltage-Current (V-I), Voltage Margin
(VM), V-P droop with power Dead-Band (DB) and V-P droop with voltage limits are

some of the more widely used characteristics.
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To manage power-flows within the DC grids, DC power-flow control devices
have been conceptualized and developed. They include the use of DC transformers,
variable resistors, current flow controllers (CFCs), thyristor power flow controllers
(TPFCs), DC series voltage sources and Interline DC Power Flow Controllers
(IDCPFCs) for power-flow control in meshed DC grids. The IDCPFC is a DC power-
flow controller without an external AC or DC source and is used for power-flow
management of DC grids, similar to its AC counterpart - the flexible AC transmission

systems (FACTS) based Interline Power Flow Controller (IPFC).

Now, for proper planning, design and operation of AC power systems
integrated with multi-terminal DC grids, the development of suitable power-flow
models of both LCC and VSC based hybrid AC-DC systems is a fundamental

requirement.

Because of the need of suitable power-flow models of both LCC and VSC
based hybrid AC-DC systems and the adoption of the Newton-Raphson algorithm as
the de-facto standard for industrial power-flow solutions, a lot of attention is being
paid towards the development of Newton-Raphson power-flow models of such hybrid

AC-DC systems.

The development of Newton-Raphson power-flow models of both LCC and
VSC based integrated AC-DC systems has resulted in two distinctly different
approaches known as the unified and the sequential Newton algorithms, respectively.
In the former, the AC and the DC quantities are solved simultaneously, while in the
latter, the AC and the DC systems are solved separately in each iteration. Unlike the
unified method, the sequential method is easier to implement and poses lesser

computational burden due to the smaller size of the Jacobian matrix. Many
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comprehensive research works have been carried out for the development of unified

and sequential Newton power-flow models of both LCC and VSC based hybrid AC-

DC systems.

However, from the research works existing in the literature, it is observed that

the following issues have not been addressed.

1.

For the Newton power-flow modelling of LCC based hybrid AC-DC
systems, the base values of the various DC quantities can be defined in
several ways, giving rise to different per-unit AC-DC system models, each
model comprising separate set of system equations in per-unit. Although
different per-unit system models affect the convergence of the AC-DC
power-flow algorithm in different ways, the aspect has not been

investigated in detail.

A comprehensive comparison of the unified and sequential Newton power-
flow algorithms vis-a-vis standard and non-standard control strategies for

LCC based hybrid AC-DC systems is yet to be carried out.

Most of the existing Newton power-flow models of VSC based hybrid
AC-DC systems do not take into account the modulation index of a
converter. The modulation index ‘m’ is an important parameter for VSC
operation. Operational considerations limit the minimum and the
maximum value of the modulation index. Thus, a power-flow model
should yield the wvalue of ‘m’ and ‘Vpc® directly, for a given
operating condition, so that it can be checked whether ‘m’ lies

within its specified limits (with sufficient margin for a dynamic

response), along with ‘Vpc’.
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4. Development of a unified Newton power-flow model of VSC based hybrid
AC-DC systems incorporating both linear and nonlinear DC voltage droop

control.

5. Incorporation of DC power flow controllers like IDCPFC in an existing

Newton power-flow model of a VSC based hybrid AC-DC system.

6. Integration of renewable energy resources like offshore wind farms
(OWFs) with existing power-flow models of VSC based hybrid AC-DC

systems.

To address the above limitations, in the present thesis, an attempt has been
made to investigate systematically the development of unified and sequential Newton

power-flow models of both LCC based and VSC based hybrid AC-DC systems.

For LCC based hybrid AC-DC power systems, both the unified and the
sequential Newton power-flow models are developed to investigate the effects of
different per-unit AC-DC system models and different DC link control strategies on
their convergence. Subsequently, both the unified and sequential Newton power-flow
models of VSC based hybrid AC-DC systems are developed in this thesis to include
MTDC grid control strategies like master-slave control and DC voltage droop control
(both linear and nonlinear). Thereafter, DC grid power-flow controllers like IDCPFC
and multiple offshore wind farms are also included in these power-flow models. In all
the models developed, the modulation indices of the pulse-width modulation scheme
pertaining to the VSCs appear as unknowns, along with the converter DC side

voltages and the phase angles of the fundamental converter AC side voltages.

The outline of the contributing chapters of the thesis is as follows:
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Chapter 2 presents the development of unified and sequential Newton power-
flow models of LCC based hybrid AC-DC systems, in light of different per-unit AC-

DC system models and diverse DC link control strategies employed.

Chapter 3 addresses the development of unified and sequential Newton power-
flow models of VSC based hybrid AC-DC systems for both the back-to-back (BTB)
and the point-to-point (PTP) VSC-HVDC configurations, employing DC slack-bus

(master-slave) control for the MTDC grid.

Chapter 4 addresses the development of unified Newton power-flow models of
VSC based hybrid AC-DC systems employing DC voltage droop control. The DC
voltage droop control comprises both linear {voltage-power (V-P) and voltage-current
(V-)} as well as non-linear {power dead-band and voltage limits} droop
characteristics. Based on the terminal end line active and reactive power

specifications of the VSCs, two different droop control models have been developed.

Chapter 5 addresses the development of a unified Newton power-flow model
of VSC based hybrid AC-DC systems incorporating IDCPFC(s) for the power-flow
management of the DC grid. The IDCPFC(s) employs both DC link current and DC

link power controls.

Chapter 6 addresses the development of a Newton power-flow model of VSC
based hybrid AC-DC systems integrated with multiple offshore wind farms (OWFs).
The VSCs employ both linear and nonlinear DC voltage droop control. The effects of
the OWFs on the DC grid voltage profile and the power-flow convergence are

investigated, vis-a-vis varying wind farm powers.

VSC losses are included in all the power-flow models.

XXXiii



Validity of all the models investigated is demonstrated on the IEEE 300 bus

test system to test their convergence characteristics.

Finally, Chapter 7 presents the conclusions of the work reported in the thesis

and makes some suggestions for further work in the areas covered by the thesis.
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Chapter 1

Introduction and Literature Review

1.1 Introduction

For the past few decades, the construction of generation facilities and new
transmission lines have been delayed in light of rising energy cost, environmental
concerns, rights-of-way (RoW) restrictions and other legislative and cost problems. In
addition, system stability issues may render long distance AC transmission infeasible.
In this respect, High-Voltage DC (HVDC) transmission has proved to be a viable
option. For a given power level, a DC link requires a smaller RoW, simpler and
cheaper transmission towers, reduced conductor and insulator costs along with
reduced losses. Unlike AC, the length of a DC transmission link is not limited by
stability considerations. A HVDC link can be used to augment system reliability by
interconnecting two asynchronous AC grids [1]-[16]. For lengths exceeding about 500
km, HVDC transmission is proving to be more economical than AC. In recent years,
the harnessing of renewable energy sources has become a necessary and attractive
option. In this respect, HVDC links can be used to integrate offshore wind farms with

onshore AC grids [4], [12], [15] and [16].

The first commercial application of HVDC transmission took place between
the Swedish mainland and the island of Gotland in 1954, using mercury arc valves.
Subsequently, the first 320 MW thyristor based HVDC system was commissioned in
1972 between the Canadian provinces of New Brunswick and Quebec [2] — [4]. Over

the years, development in conversion equipment reduced their size and cost which



resulted in more widespread use of HVDC transmission. This so called line
commutated converter (LCC) based HVDC (LCC-HVDC) technology now

constitutes the bulk of the installed HVDC transmission corridors over the world.

With LCC-HVDC, commutation is achieved using the source voltage and the
leakage reactance of the converter transformer. Thus, for controlling the active power,
both the rectification and inversion processes consume reactive power, the reactive
power consumption varying with load. This necessitates the use of reactive power
sources to match the reactive power demand at both ends [1], [6], [7]. To reduce the
effects of harmonic voltages and currents generated by the converters, harmonic
filters are used on both the AC and the DC sides. Also, in LCC-HVDC systems, a
minimum short circuit level is required to avoid voltage instability. In LCC-HVDC
transmission, the reversal of power is carried out by reversing the polarity of the DC
voltage. Hence, stronger and lighter Cross Linked Poly-Ethylene (XLPE) cables
cannot be used, which are suited for harsh environmental conditions as encountered in
the ocean beds [4], [12]. However, despite its limitations, LCC-HVDC possesses high
reliability, good overload capability and lower converter losses. It requires low
maintenance and capital cost and is robust to DC fault currents due to its current

regulating nature [1], [6], [7].

Subsequently, the advancement of power electronics led to the development of
the Insulated Gate Bipolar Transistor (IGBT), which paved the way for the Voltage
Sourced Converter (VSC) based HVDC (VSC-HVDC) technology. The VSC-HVDC
offered significant advantages over the LCC-HVDC. VSC-HVDC facilitates
independent active and reactive power control, along with reduction in filter size [8] -
[18]. Compact, modular designs of the VSCs enable rapid installation, commissioning
and relocation. In addition, due to the secure energy supply and environmental

2



changes, the demand of renewable energy has been increasing. This has necessitated
the integration of offshore renewable power resources with the onshore AC grid. In
order to achieve this, VSC based HVDC transmission has been proposed over
conventional HVDC [4], [12], [16], [19]-[20]. Unlike LCC-HVDC, fixed DC voltage
polarity in VSC-HVDC enables the use of stronger and lighter XLPE cables, suitable
for under-sea environment, making VSC based HVDC systems particularly attractive
for offshore transmission [4], [12]. This enables the integration of offshore wind
farms with AC grids. Due to the use of self commutated devices in VSC-HVDC
technology, ac system voltage for commutation is not required and therefore VSC-

HVDC systems can be integrated with AC systems having low short circuit ratios.

The first 3-MW, VSC-HVDC link was commissioned at Hellsjon in Sweden
in 1997. Subsequently, rapid development in the VSC technology has now resulted in
the availability of higher rated (up to 2000 MW) VSC-HVDC links. Notable among
other VSC-HVDC projects are BorWin 1 and 2, HelWin 1 and 2, INELFE, the South-
West link, DolWin 1 and 2 etc [4], [12]. A meshed multi-terminal DC (MTDC) grid
linking offshore wind farms and three asynchronous AC grids of the European
Network of Transmission System Operators for Electricity (ENTSO-E) is also being

envisaged in the North Sea region [19], [20].

Now, in both the LCC-HVDC and the VSC-HVDC systems, the converter
stations can be located closely, in the same sub-station or remotely, at different
locations. The corresponding configurations are known as back-to-back (BTB) and
point-to-point (PTP), respectively. Most of the MTDC systems installed worldwide
are in PTP configurations, their DC sides being interconnected through DC links or

cables [4], [10], [12].



Unlike a two-terminal HVDC interconnection, a multi-terminal HVDC
(MTDC) system is more versatile and better capable of utilizing the economic and
technical advantages of the HVDC technology. Moreover, sources of renewable
energy can be easily integrated with a MTDC system, as and when the need arises

[19] - [21].

For proper MTDC operation in DC grids, DC voltage control is an essential
requirement. In this respect, several control techniques have been envisaged. An
extensive review of these control techniques has been presented in [22]. [23] — [36]
detail some of the comprehensive research works carried out in the area of DC voltage
control. [23] has employed DC slack bus control on two and six terminal DC systems.
In a similar manner, [24] —[29] have applied DC voltage droop control to diverse
topologies of VSC based hybrid AC-DC networks and have provided a design
methodology to select the droop gains. [30] - [31] have employed DC voltage droop
control for grid side VSCs to transmit wind farm generated power to AC grids.
Application of power synchronization control for integrating offshore wind farms
(OWFs) and island systems to an AC grid using a VSC-HVDC link have been
reported in [32] - [34]. Further, [35] and [36] have employed hierarchical power

control and transient management control, respectively, in VSC-MTDC grids.

However, among all the DC voltage control techniques, DC slack bus control
(also known as master-slave control) and distributed voltage droop control have been

the more popular and widely employed ones [10]-[12], [23]-[31], [37].

In DC slack bus control [10]-[12], [23], the voltage of one DC terminal is
maintained constant. It is known as the DC slack bus and it sustains the power balance

of the DC grid. The VSC which controls its DC side voltage is known as the master



VSC. The rest of the VSCs regulate their active power flow. The main disadvantage
of this control scheme is the DC grid instability following a failure of the master

converter.

The above problem can be tackled by ensuring that individual VSCs
contribute to the DC voltage regulation scheme by adjusting their active power flow
in response to changes in the DC voltage with the operating point, known as DC
voltage droop control [12], [24]-[31], [37]. In this scheme, in case of outage of the
master converter, the remaining ones can share the DC grid power imbalance to
maintain its reliability. For MTDC control, different types of DC voltage droop
control have been envisaged to ensure proper sharing based on the converter ratings.
These include both linear and nonlinear voltage droop characteristics. Among the
linear ones, Voltage-Power (V-P) and Voltage-Current (V-I) droops have been the
two most popular strategies for DC voltage droop control. Nonlinear voltage droop
control characteristics include dead-bands and limits. Among the nonlinear ones,
Voltage Margin (VM), V-P droop with power Dead-Band (DB) and V-P droop with

voltage limits are some of the more widely used characteristics [12], [24]-[31], [37].

One of the main challenges in VSC based integrated AC-DC systems is the
issue of managing power-flows within the DC grids. Although the converters control
the power injections into the DC grid, the power-flows within the DC grid depend
upon the resistances of the DC lines or cables [37]-[38]. In this respect, DC power-
flow control devices [39]-[44] have been conceptualized and developed. These DC
power-flow control devices can be either DC/DC transformer based or auxiliary
variable voltage source based. [39] has reported the use of DC transformers to
regulate power-flows in DC networks. [40] has proposed the use of DC transformers,
variable resistors and series voltage sources for power-flow control in meshed DC

5



grids. [41] has proposed a current flow controller (CFC) for enhancing the control of
around a DC grid. [42] has considered a thyristor power flow controller (TPFC) for
four-quadrant control in a MTDC grid. The Interline DC Power Flow Controller
(IDCPFC) reported in [43]-[44] is a DC power-flow controller without an external AC
or DC source which can be used for power-flow management of MTDC grids. It is
similar to the Interline Power Flow Controller (IPFC), which is a VSC based flexible

AC transmission systems (FACTS) device developed for AC grids [45]-[47].

Now, for proper planning, design and operation of AC power systems
integrated with multi-terminal DC grids, power-flow solution of such hybrid AC-DC
systems are required. These comprise both line commutated converter (LCC) and
voltage sourced converter (VSC) based hybrid AC-DC systems. Therefore, the
development of suitable power-flow models of such systems is a fundamental

requirement.

The earliest power-flow algorithms were based on the Gauss-Siedel method.
However, they exhibited poor convergence characteristics. Subsequently, the Newton-
Raphson Power-Flow method was developed. With development of sparse matrix
techniques, the Newton-Raphson method emerged as the method of choice in
commercial power-flow packages [48]. To reduce the computational burden, a
simplification of the Newton-Raphson method — the fast-decoupled power-flow, was

also developed [49].

For the power flow solution of both LCC and VSC based integrated AC-DC
systems using the Newton Raphson method, two different algorithms have generally
been reported in the literature. These are known as the unified and the sequential

method, respectively. In the unified method, the AC and the DC quantities are solved



simultaneously, which increases the size of the Jacobian matrix. In the sequential AC—
DC power-flow algorithm, the AC and the DC systems are solved separately in each
iteration and are coupled by injecting an equivalent amount of real and reactive power
at the terminal AC buses [1], [6] and [7]. Unlike the unified method, the sequential
method is easier to implement and poses lesser computational burden due to the

smaller size of the Jacobian matrix.

Some comprehensive power-flow and optimal power-flow (OPF) models of
LCC based hybrid AC-DC systems have been presented in [50]-[75]. [50] has
presented a simple LCC based AC-DC power flow formulation for a two terminal DC
network. A fast decoupled algorithm to compute the power-flow solution of a hybrid
AC-DC network has been reported in [51], which can be used to investigate
nonstandard control strategies to maintain overall system stability. [52] has proposed
a novel unified power-flow model of hybrid AC-DC systems by using the PI bus
formulation to model the nonlinear load bus. An efficient and versatile optimal power
flow algorithm for hybrid AC-DC systems has been described in [53]. [54] has
presented a sequential AC-DC power flow algorithm using the modified Gauss and
Gauss-Seidel methods. [55] has presented an optimal reactive power-flow (ORPF)
model with generator capability limits using a heuristic approach. [56], [57] have
implemented optimal power-flow models of integrated AC-DC systems using genetic
algorithm and artificial bee colony algorithm, respectively. [58] has presented an
ORPF model using genetic algorithms. An ORPF model of offshore wind farms
connected to the AC grid using LCC-HVDC link has been presented in [59]. [60] has
presented a second order AC-DC power flow algorithm based on the Cartesian
coordinate formulation of ac-dc system equations. [61] - [64] have presented unified

power-flow models of LCC based integrated AC-DC systems. [61] has implemented a



unified, fast decoupled, AC-DC power-flow model in the New Zealand system. It
comprises multiple AC systems interconnected by a DC link. [62] has presented a
unified AC-DC power-flow model in which the equations pertaining to the DC system
can be included directly in the Newton power-flow model of the AC system. [63] has
presented a fast decoupled power-flow technique for integrated AC-DC systems,
using Zollenkof’s bifactorization. [64] has presented a novel, unified power-flow
method to include DC networks in power-flow calculations by treating the converters
as voltage dependent loads. [65] has presented a sequential AC-DC power-flow model
of hybrid AC-DC systems with an ability to handle discrete tap-step and tap limits of
the converter transformer. [66] has also presented a sequential AC-DC power-flow
model without considering the effect of the converter transformer reactance. [67] has
presented a sequential power-flow model of parallel multi-terminal DC networks with
an ability to handle a large variety of converter controls and modify them to respect
angle, transformer tap and converter voltage and current limits. In [68], an improved
sequential AC-DC power-flow model has been presented for state estimation of
hybrid AC-DC systems. An improved sequential approach for multi-infeed DC
systems has been presented in [69] to enhance the robustness of the AC-DC power-
flow calculation. A novel sequential power-flow model of hybrid AC-DC systems is
presented in [70] which can handle the constraints on the DC currents, converter
control angles and off nominal tap ratios. [71] has shown that the solvability of the
HVDC system depends on the non-singularity of the linearised co-efficient matrix
which integrates the network and control modes. [72] has presented a sequential AC-
DC power-flow model which replaces the DC network by voltage dependent loads.
[73] has described a sequential algorithm to solve hybrid AC-DC networks by

representing the converters by Norton’s equivalent current sources in parallel with the



commutation resistances. An economical and fast power-flow algorithm for hybrid
AC-DC systems has been presented in [74]. [75] has presented a power-flow model of
hybrid AC-DC systems to extend the formulation of [74] by including the converter
transformer reactance and decoupling the AC system variables from the DC network.
Similar to LCC based hybrid AC-DC systems, [76]-[103] present some
comprehensive research works carried out in the area of power-flow and optimal
power-flow (OPF) modeling of VSC based hybrid AC-DC systems. One of the
earliest power-flow models for VSC based hybrid AC-DC systems was proposed by
[76]. However, the analysis of [76] was limited to a two-terminal network only. [77]
has presented a unified power-flow model of multi-terminal VSC based integrated
AC-DC systems for both the back-to-back (BTB) and the point-to-point (PTP)
configurations. [78] has introduced a unified AC-DC unit (ADU) which has been
applied to two different AC-DC analyses. [79] has proposed a unified power-flow
algorithm for VSC based AC-DC networks able to deal with different DC voltage
control schemes. A sequential AC-DC power-flow model using the equivalent power
injection method has been presented in [80]. A sequential power-flow model for
multi-terminal VSC-HVDC systems employing DC voltage droop control has been
presented in [81]. [82] presents a comprehensive, sequential power-flow model of
VSC based integrated AC-DC systems employing various nonlinear DC voltage
droop control. [83] presents an OPF model of a VSC based hybrid AC-DC network
with two different VSC control strategies to minimize the transmission loss. An
improved analytical model of VSC based hybrid AC-DC power systems employing
DC voltage droop control has been presented in [84], which estimates the result of
power distributions, DC voltage deviations and power loss variations, taking

converter outage and overload into account. [85] has presented a unified power-flow



model of VSC-HVDC systems where the VSCs have been modeled as compound
transformer devices to account for the phase-shifting and scaling nature of the pulse-
width modulation (PWM) control. An OPF model of an AC system integrated with a
VSC based HVDC network has been proposed in [86]. However, the analysis is
limited to a two-terminal HVDC network. [87] extends the method of DC OPF to AC
grids for use in combined AC-DC networks. [88] has presented a unified power-flow
model of VSC based hybrid AC-DC systems applicable for any number of converters,
network configurations and control methodologies. [89] presents a unified power-flow
model of VSC based hybrid AC-DC systems in augmented rectangular coordinates.
[90] has proposed a general frame-of-reference for true unified, iterative solutions of
AC/DC power flows which accommodates any number of AC/DC sub-networks. [91]
has proposed a highly convergent algorithm which employs the power-flow analysis
of AC grids for analyzing power-flows in DC networks. [92] - [94] have presented
comprehensive, sequential power-flow model of multi-terminal, VSC based hybrid
AC-DC networks employing DC slack bus control. However, the analysis of [93]
does not take into account VSC losses. [95] has reported that incorporation of VSC-
HVDC in meshed networks reduces overall system losses and that the reduction
increases with increased system loading. [96] has implemented a sequential power-
flow model of a multi-terminal, VSC based hybrid AC-DC network using
MATPOWER libraries. A comparative analysis of the unified and sequential power-
flow models of multi-terminal, VSC based hybrid AC-DC networks is presented in
[97]. [98] has investigated the speed and the robustness of unified and sequential
VSC-MTDC models employing DC master slave and voltage droop controls,
inclusive of converter station losses. A mixed AC-DC OPF model has been employed

in [99] for the cost-benefit analysis of VSC-MTDC installations. [99] has reported
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that VSC-MTDC systems lead to a reduction in the total operation cost. [100] has
implemented a VSC-HVDC model in an existing OPF algorithm, with the various
inequality constraints handled by the multipliers method. An improved corrective
security constrained optimal power flow (CSCOPF) for a meshed AC/DC power
transmission network with VSC-MTDC grids has been presented in [101]. [102] has
presented an effective dc voltage and power-sharing control structure for multi-
terminal dc (MTDC) grids based on an optimal power flow (OPF) procedure and
voltage-droop control structure in order that that the optimally-tuned voltage-droop
controllers lead to the optimal operation of the MTDC grid. [103] has presented an
OPF model for MTDC grids with offshore wind farms and storage devices. The
optimization scheme includes real weather conditions and operational constraints are
included to achieve the best scheduling of the system and minimum losses.

However, in most of these models, the following issues have not been

addressed.

1. For the Newton power-flow modeling of LCC based hybrid AC-DC
systems, the base values of the various DC quantities can be defined in
several ways, giving rise to different per-unit AC-DC system models, each
model comprising separate set of system equations in per-unit. Although
different per-unit system models affect the convergence of the AC-DC
power-flow algorithm in different ways, the aspect has not been

investigated in detail.

2. A comprehensive comparison of the unified and sequential Newton power-
flow algorithms vis-a-vis standard and non-standard control strategies for

LCC based hybrid AC-DC systems is yet to be carried out.
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3. Most of the existing Newton power-flow models of VSC based hybrid
AC-DC systems do not take into account the modulation index of a
converter. The modulation index ‘m’ is an important parameter for VSC
operation.  Operational considerations limit the minimum and
maximum value of the modulation index. While a low ‘m’ limits the
maximum fundamental AC side voltage of the VSC, over-modulation
(m>1) may result in low-order harmonics in the AC system [11]. Thus, a
power-flow model should yield the value of ‘m’ and ‘Vp¢’ directly,
for a given operating condition, so that it can be checked whether

m’ lies within its specified limits (with sufficient margin for a

dynamic response), along with ‘Vpc’.

4. Development of a unified Newton power-flow model of VSC based AC-

DC systems incorporating DC voltage droop control.

5. Incorporation of interline DC/DC current flow or power flow controllers
like IDCPFCs in existing Newton power-flow models of VSC based

hybrid AC-DC systems.

6. Integration of renewable energy resources like offshore wind farms
(OWFs) with existing power-flow models of VSC based hybrid AC-DC

systems.

To address the above limitations, in the present thesis, an attempt has been made to
investigate systematically the development of unified and sequential Newton power-
flow models of both LCC based and VSC based hybrid AC-DC systems and their

convergence characteristics vis-a-vis different HVDC control strategies.
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1.2 Scope of the present work

In this thesis, unified and sequential Newton power-flow models of both LCC
and VSC based hybrid AC-DC networks have been developed. For LCC based hybrid
AC-DC networks, the effects of the different per-unit system models and different DC
link control strategies on the convergence of the AC-DC power-flow algorithm are
investigated. Subsequently, unified and sequential Newton power-flow models of
VSC based hybrid AC-DC systems are developed, which can employ DC grid control
strategies like master-slave control and voltage droop control. Thereafter, the Newton
power-flow modeling of VSC based hybrid AC-DC systems incorporating IDCPFC(s)
for the power-flow management of the DC grid(s) has been carried out. Finally, the
Newton power-flow models of VSC based hybrid AC-DC systems incorporating
multiple offshore wind farms have been developed and their effects on the DC grid
voltage profile and their convergence characteristics vis-a-vis varying wind powers
have been investigated. In all the models developed, the modulation indices of the
pulse-width modulation scheme pertaining to the VSCs appear as unknowns, along
with the converter DC side voltages and the phase angles of the fundamental

converter AC side voltages.
The outline of the remaining chapters of the thesis is as follows:

Chapter 2 presents the development of Newton power-flow models of LCC
based hybrid AC-DC systems. Both unified and sequential power-flow models of
such systems are developed in this chapter. The effects of the different per-unit AC-
DC system models on the convergence of the unified and sequential AC-DC power-
flow algorithms are investigated in light of diverse DC link control strategies

employed. The convergence characteristics validate the model.
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Chapter 3 addresses the development of unified and sequential Newton power-
flow models of VSC based hybrid AC-DC systems. DC slack-bus (master-slave)
control is employed for the multi-terminal DC (MTDC) grid. The proposed model is
applicable for both the back-to-back (BTB) and the point-to-point (PTP) VSC-HVDC
configurations. Both the MTDC grid topology and the number of VSCs can be
arbitrarily chosen in the proposed model. Several case studies were carried out with
diverse topologies of MTDC networks, employing different DC grid control

strategies.

Chapter 4 addresses the development of Newton power-flow models of VSC
based hybrid AC-DC systems employing DC voltage droop control. The DC voltage
droop control comprises both linear {voltage-power (V-P) and voltage-current (V-1)}
as well as non-linear {power dead-band and voltage limits} droop characteristics.
Voltage margin control is also employed in the proposed model, as a specific case of
the voltage droop with a power dead-band. Based on the terminal end line active and
reactive power specifications of the VSCs, two different droop control models have
been developed. Multiple case studies have been carried out with diverse topologies
of MTDC networks, employing different types (linear and nonlinear) of DC voltage

droop controls.

Chapter 5 addresses the development of a unified Newton power-flow model
of a VSC based hybrid AC-DC system incorporating an IDCPFC for the power-flow
management of the DC grid. The IDCPFC comprises variable DC voltage sources
which are incorporated in series with the DC links and regulates their power flow by
controlling the power exchanged with these links. The IDCPFC considered in the
model is a generalized one, with an arbitrary number of DC voltage sources. The
IDCPFC employs both DC link current and DC link power controls.
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Chapter 6 addresses the development of power-flow models of VSC based
hybrid AC-DC systems integrated with multiple offshore wind farms (OWFs). The
VSCs employ DC voltage droop control. Both linear and nonlinear voltage droop
characteristics are incorporated. The effects of the OWFs on the DC grid voltage
profile and the power-flow convergence are investigated, vis-a-vis varying wind farm

powers.

In all the power-flow models developed, VSC losses have been included.

Feasibility studies of all the models proposed in chapters 2-6 have been carried
out on the IEEE 300 bus test system [104] to wvalidate their convergence

characteristics.

Finally, Chapter 7 presents the conclusions of the work reported in the thesis

and makes some suggestions for further work in the areas covered by the thesis.
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Chapter 2

Newton Power-Flow Modeling of Line Commutated
Converter (LCC) Based Hybrid AC-DC Systems

2.1 Introduction

As already mentioned in Chapter 1, the LCC-Based HVDC technology
constitutes the bulk of the installed DC transmission capacity over the world. A multi-
terminal LCC-based HVDC (MLDC) interconnection is more versatile and better
capable of utilising the economic and technical advantages of the LCC-HVDC

technology than a two-terminal one.

For planning, operation and control of AC power systems incorporating
MLDC networks, the power-flow solution of hybrid AC-MLDC systems is required.
This necessitates suitable Newton power-flow models of such systems. Now, for
developing such models, the base values of the various DC quantities can be defined
in several ways, each comprising separate sets of system equations in per-unit. It is
observed that different per-unit system models affect the convergence of the AC-DC
power flow algorithm in different ways. Although several choices are feasible, only

two different per-unit system models are considered in this thesis.

Now, to solve the power flow equations in hybrid AC-MLDC systems, two
different algorithms are available in the literature. These are known as the unified and
the sequential Newton method, respectively [1], [6]. In the unified method, the AC

and the DC quantities are solved simultaneously, which increases the size of the
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Jacobian matrix. [52], [61]-[64] present some comprehensive research works on the

unified method.

In the sequential AC-DC Newton power flow algorithm, the AC and the DC
systems are solved separately in each iteration and are coupled by injecting an
equivalent amount of real and reactive power at the AC terminal buses [1], [6]. Unlike
the unified method, the sequential method is easier to implement and poses lesser
computational burden due to the smaller size of the Jacobian matrix. [54], [65]-[75]

present some comprehensive research works on the sequential method.

For power-flow solution of hybrid AC-MLDC systems, five quantities are
required to be solved per converter [1], [6]. These include the DC voltage, the DC
current, the control angle, the converter transformer tap ratio and the converter power
factor. On the other hand, only three independent equations comprising two basic
converter equations and one DC network equation exist per converter. Thus, for
solution, two additional equations are usually required. These two equations are
derived from the control specifications adopted for the DC links. Thus,
mathematically, the control specifications are used to bridge the gap between the
number of independent equations and the number of unknown quantities. Control
specifications usually include specified values of converter transformer tap ratio,
converter control angle, DC voltage, DC current or DC power. Depending on the
application, several combinations of valid control specifications are possible. Each
combination of a set of valid control specifications is known as a control strategy [1],
[6]. The number of possible control strategies increase drastically with increase in the
number of the DC terminals or converters. Out of a myriad of combinations, only
some control strategies are practically adopted in practice. In this thesis, nine control
strategies have been considered for a three-terminal DC network.
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It is to be noted that in this chapter as well as in the subsequent chapters, bold
quantities represent complex variables and equivalent-pi models are used to represent

the transmission lines.

2.2 Modeling of Hybrid AC-MLDC Systems

Fig. 2.1 depicts a typical AC power system incorporating a three terminal DC
network. The DC network contains two HVDC links. The first link is connected in
the branch “i - j”” between any two system buses “i” and “j” of the AC network while
the second one is connected in the branch “i - k” between system buses “i” and “k”.
The three converters representing one rectifier and two inverters are connected to the

AC system at buses and “k” respectively, through their respective converter

5
transformers. The complex load powers at the AC buses ‘i’, ‘j° and ‘k’ are represented
as Sp; = Ppi +j Qpi, Spj = Pp; +jQp; and Spx = Ppx +j Qpk, respectively. The
effects of the DC links are accounted for as equivalent amount of real and reactive
power injections Ppcr, Qpcr> Ppcii Qperis Pociz and Qperz at the converters’ AC

terminal buses and “k”, respectively. These power injections are included in

(1353421
1, ]

the analysis by appropriate modifications of the power flow equations, as detailed

later.

Prior to the selection of variables and formulation of the equations, several basic
assumptions are made for the analysis of steady state DC converter operation [1]-[3],
[6]. These are

1. The three AC voltages at the terminal bus bars are balanced and sinusoidal.

2. The operation of the converters is perfectly balanced.

3. The direct currents and voltages are smooth.
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4. The converter transformers are lossless and their magnetizing admittances are

ignored.

V; 26, Vaor Rectifier Inverter1  Veor Vi 26,
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Fig. 2.1: Three terminal HVDC link between buses ‘i’, ‘j” and ‘k’ of an existing
AC power system network
Subsequently, for analysis of the integrated AC-DC system, the DC and AC
equations are combined together which requires the translation of the converter
equations into the per-unit system in order to use them with AC system per-unit
equations. The base values for the DC system are defined in Table 2.1 which culminate
in the per-unit AC-DC system equations as given in Table 2.2.

Table 2.1

Different base values for DC system

Convention 1 (Model-1) Convention 2 (Model-2)

3v2
V =kV, ; wherek ==—7n _
DC base AC base » . b VDC base = VDC base

V3
Ipc base = T Lac pase Ipc base = \/§1DC base
— 1,2 —
ZDC base — k ZAC base ZDC base — ZDC base
Rpc pase = T Ny X pase Rpc base = Xcbase
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Table 2.2

Basic converter equations for a 3 terminal DC network in per unit system

Per unit system 1 (Model-1) Per unit system 2 (Model-2) ?;1'
3v2 3X @D
Vpcr = ag Vi cosag — Xc Ipcr Vbcr = ——a NyV; cosag — TC npIpcr
3v2 3X 22
Vpern = an Vj cosyyy — X Ipen Ve = . An n,Vj cosyy — TcanDCIl
32 (2.3)
Vpcrz = arz Vk cosyrz — Xe Ipcrz | Vpepp = ——an 1, Vi COSYy, — Tcnblncm
_ 2 24
VDCR = ag Vi COSd)R VDCR = TaR nbVi COSq)R
3v2 (2.5)
Vbenn = ap Vj cosdyy Vpenr = Ta” n,Vj cosdyy
3v2 (2.6)
Vberz = arz Vi cosdr, Vperz = ——ap n, Vi cosdy,
_ Vpcr = Vpen (2.7
Ipcin = T R
DC
_ Vpcr — ez (2.8)
Incrz = TR
DC
2.9
Ipcr = Ipcnn + Ipcrz (2.9)
2.10
Ppcr = Vpcr Incr 2.10)
Vbcr — Vpen (2.11)
Pocin = Vpenn * [R—]
\% DCV (2.12)
DCR ~ VpcI2 .
Pocrz = Vperz * [R—]
DC

From Table 2.2, it can be observed that twelve independent equations exist against a

total of eighteen unknowns.

converter) are needed to be specified. These are derived from the control specifications
adopted for the DC links. Each combination of a set of valid control specifications is
known as a control strategy. Theoretically, the number of possible control strategies
increase rapidly with increase in the number of the DC terminals or converters.

However, only a few of the possible control strategies are practically adopted in

practice. This is explained in the next section.

2.3 Control strategies for MLDC grids
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For a three terminal DC network, several control strategies are possible [1].
However, due to a lack of space, only nine typical control strategies are considered in

this paper. These are detailed in Table 2.3.

A. Control Strategy-1
In this control strategy, the DC voltage and the firing angle are specified for the
rectifier. On the other hand, the active powers for both the inverters are specified along

with their extinction angles.

B. Control Strategy-2
In this control strategy, the DC voltage and the firing angle are specified for the
rectifier. For  inverter-1, the active power is specified while the DC current is
specified for inverter-2. In addition, the extinction angles of both the inverters are

specified.

C. Control Strategy-3
In this control strategy, at the rectifier terminal, the DC voltage and the firing angle
are specified. The DC current is specified at inverter-1 while the active power is

specified at inverter-2. Also, the extinction angles of both the inverters are specified.

D. Control Strategy-4
In this control strategy, the DC voltage and the firing angle are specified at the
rectifier end while the DC currents and the extinction angles are specified for both the

inverters.

E. Control Strategy-5
In this control strategy, the DC voltage is specified for the rectifier while the active
powers are specified for both the inverters. In addition, the tap settings for all the

three converter transformers are specified.
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F. Control Strategy-6

In this control strategy, the DC voltage is specified for the rectifier while the DC

currents are specified for both the inverters. The tap settings for all the three

converter transformers are also specified.

G. Control Strategy-7

In this control strategy, at the rectifier terminal, the DC voltage is specified. The

active power is specified at inverter-1 while the DC current is specified at inverter-2.

In addition, the tap settings are specified for all the three converter transformers.

Table 2.3

Some Control Strategies for a 3-Terminal DC link

Control
Specified Quantities Unknown Quantities
Strategies
1 Pocr1 Pocizs Voer rs Yins iz Vberrs Voeiz, Pocrs Incins Incizs Incrs @R, 11, @12, COSPR, Sy, cOSPy,
2 Pocras Incrzs Voer %R Y1 Yiz | Vbern Voerz Pocizs Pocrs Incins Incrs @rs @r1) @1z, COSPR, cOsyy, cOSy,
3 Pociz, Incir Voer @R Yins Yiz Vberrs Veiz, Pocits Pocw Ipcizs Incrs @, @11, 2, COSPR, COSPyy, COSy,
4 Incie Icizs Voer O Y Yiz | Voern Voerz Pocin Pocizs Pocrs Incrs @ro @11s @12, COSPR, COSPyy, COS,
5 Pociv, Pocizs Voer @r- @131z | Vbern Voerzs Pocrs Incis Incizs Incrs Ors Yins Yiz) COSQR, COSPyy, COSPy,
6 Incins Ipciz, Vber @rr@ms 312 | Ve Vberzr Pocrns Pocizs Pocrs Incrs @R Y11, Y1z, COSR, COSOyy, cOSDy,
7 Pocrs Inciz: Voer @rs@1sa1z - | Vierns Voerzs Pocizs Pocrs Incins Incrs @Rs Vi Yiz, COSPR, cOSyy, cOSy,
8 Incins Pocizs Voer @rs @131z | Voern Voerz Pocins Pocrs Incizs Incrs Os Yins Yiz) COSQR, COSGyy, COSPr,
9 Pocr, Pocrzs Vern @r: Vv Yiz | Vberrs Voerzs Pocrs Incrns Incizs Incrs @rs @11, a1z, COSOR, cOSyy, cOsdy,

H. Control Strategy- 8

In this control strategy, the DC

voltage is specified at the rectifier terminal. For

inverter-1, the DC current is specified while for inverter-2, the active power is

specified. The tap settings for all the three converter transformers are also specified.
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L.  Control Strategy-9
In this control strategy, the firing angle is specified for the rectifier while the DC
voltage is specified for inverter-1. In addition, the values of the active powers and the

extinction angles are specified for both the inverters.

2.4 Power Flow Equations of Integrated AC-MLDC Systems

Let us consider the integrated AC-DC system shown in Fig. 2.1. From Fig. 2.1, it can
be observed that for any AC bus ‘i’, which is not connected to any DC link, the

mismatches in the active and reactive power injections are given respectively, by

n

AP, =P — % ViV,Yipcos (8; — 6, — dip) (2.13)
p=1
n
AQ; = Q5P - Z ViV, Yipsin (6; — 0, — dbyp) (2.14)
p=1

Now, in the DC network shown in Fig. 2.1, the three converters representing one
rectifier and two inverters are connected to the AC system at buses “i”, 4 and “k”
respectively, through their respective converter transformers. The DC network contains
two HVDC links. The first link is connected in the branch ‘i’ and ‘j” between any two
AC buses ‘i’ and ‘j” while the second one is connected in the branch “i-k” between AC
buses “i” and “k”. For solving the AC power flow, the effects of the DC links are
included in the power flow equations by injecting an equivalent amount of real and
reactive power at the terminal AC buses connected to the converters. This results in
appropriate modifications of the mismatch equations at the converter terminal AC
buses. At the rectifier bus ‘i’, the effect of the DC link is incorporated in the AC power

flow as equivalent active and reactive power injections ‘Ppcr’ and ‘Qpcr’. Similarly, at
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the inverter buses ‘j” and ‘k’, the active and reactive power injections representing the
effect of the DC network are ‘Ppcr’, ‘Qpen’, ‘Pperz” and ‘Qpcre’ respectively.
Thus, for the AC buses ‘i’, j” and ‘k’, the mismatches in the active and reactive

power injections can be written as

n
AP, = PP — Z ViV, Y08 (8; — 8, — bip) — Pocr (2.15)
n
= QP = ) ViVYipsin (8; — 0, — bip) — Qocr (2.16)
p=1
AB = P — Z ViV, Y, cos (8 — B, — dip) + Pocit (2.17)
QP Z ViV, Y, sin(8; — 8, — dip) — Qocir (2.18)
AR = PSP — Z ViV, Yiep€0S (B — B, — Piep) + Pocrz (2.19)
p=1
n
AQic = QP = ) VitV Vi sin(8 — 0, — bipy) — Qe (2.20)
p=1

where
Pocr = Vberlpers Qber = Pocr tandr, Pocir = Voenilper » Qoern = Poenn tandyy,

Poci = Vperzlperzs Qoerz = Pocrz tandy,.

In the above equations, the equivalent active power injections ‘Ppcr’, ‘Ppcn’ and
‘Ppcrp’ are usually specified or can be very easily computed by manipulation of the
specified variables. However, for the equivalent reactive power injections Qpcr, Qpcrr
and Qpcpz, the case is different, depending on the control strategy adopted for the DC
links. For control strategies 1, 2, 3, 4 and 9, ¢, &y and ¢y, (and hence Qpcr,
Qpcrrand Qpcrz ) can be computed by manipulation of the specified variables.
However, for control strategies 5, 6, 7 and 8, dg, ¢p; and ¢p, (and hence Qpcr,
Qpcr and Qpcrz) are dependent on both the specified variables as well as the AC state

variables.
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It is important to note the conventions of the signs of the equivalent real and
reactive power injections representing the DC link. It is assumed that the rectifier
consumes both real and reactive powers from the AC grid while the inverters supply

real power and consume reactive power [6].
2.5 Implementation in Newton Power Flow Analysis

a) Unified Method

If the number of voltage controlled buses is (g-1), the unified AC-DC power-flow
problem for a ‘n” bus AC power system incorporating a 3-terminal HVDC network
employing Control strategy 1 (Table 2.3) can be formulated as,

Solve:
_ T v — T «v_ T
0=1[0,.... 001", V=[Vgs1 ... Vo] , X=[Vpers Voerz @r an az dr b Pzl

Specified: P = [Py ... Pa]",Q = [Qge1 e Qu]'» £= [fig oo oo Fig]”

where the individual functions * f;4” (q =1, 2 ...8) comprising ‘f” are derived from the
basic converter equations, the DC network equations and the control specifications
(corresponding to Control strategy 1) and are detailed in Table 2.4.

For the above formulation, it has been assumed that the ‘g’ generators are connected at
the first ‘g’ buses of the system with bus 1 being the slack bus. Thus the Newton

power-flow equation can be written as,

9P dP aP

| IV

—~ —= —_||av|=|aqQ (2.21)
30 vV X[ |l |af

of of of

30 8V ax

The different Jacobian sub matrices can be identified easily from eqn. (2.21). The

details are given in Appendix A.
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In a similar manner, the Newton Raphson power flow formulations can be developed

very easily for other control strategies.

Table 2.4

Individual functions comprising ‘f” for Control Strategy 1

Con.
Per unit system 1 Per unit system 2
func
2Vpcr — Vbenn = Voar 3X 2Vper = Vberr — Vi f
Vper — ag Vj cosag + X (ﬁ) ber ~ — AR n,V; cosag + nc ny (W) 1
DC
=0 =0
Vbcr — Vben 3V2 3X Vber — V) fiz
Ve — apg Vj cosyy; + X, (7R ) =0 Voers — ay, Y, cosy, + c nb( DCR DCI1) -0
DC T T Rq
Vbcr — Vberz 3V2 3X Vper — V; fis
Vbcerz = arg Vi cosyrz + X (R—) =0 btz = ——— a1z Ny Vi COSYz + — 1y, (M) =0
DC L n Rpc
2 f1a
Vpcr — ag Vi cospg = 0 DCR — TaR n,V; cosdpr =0
v v =0 2 fis
beir — apg Vj cosdyy = Vber — —an n,Vj cospy; =0
3v2 f
Vberz — arz Vic cosdy, =0 Vberz — — n,Vy cosdp, =0 1
f
PociiRoc = Ve Vocr + Voern” = 0 v
2 fig
PociaRoe = VbeizVber + Ve = 0

b) Sequential Method

In this method, the AC and DC variables are calculated separately. First the DC
network equations are solved to compute the DC voltages and / or currents. This is
followed by the computation of the other DC variables (converter power factors,
converter control angles or converter transformer tap ratios) from the basic converter
equations. Subsequently, the equivalent active (‘Ppcr’, ‘Ppcri” and ‘Ppcrp’) and reactive
(Qpcr> Qpcrr and Qpcrz) power injections are computed for solving the AC power-
flow equations. It is important to note that the computation of the reactive power
injections is dependent on the control strategy employed for the DC link. For Control
Strategies-5, 6, 7 and 8, the computation of the reactive power injections are dependent
on the AC power-flow iterative process and are updated every iteration, unlike Control

Strategies-1, 2, 3, 4 and 9. The steps involved in the computation of the active and
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reactive power injections for only two typical control strategies 1 and 5 are detailed in

Table 2.5. In control strategy 5 the reactive power injections are dependent on the AC

power flow iterative process while in control strategy 1 they are independent of it.

Although the steps involved in the computation of the power injections pertaining to

the rest of the control strategies are not shown, they can be computed in ways similar

to control strategies 1 and 5.

Table 2.5

Steps to compute active and reactive power injections in control strategies 1 and 5

Control Strategy-1

Control Strategy-5

Specified quantities Unknown quantities

Specified quantities Unknown quantities

Poci1,PocizsVoer: @r: Y1z | VbennsVoerzs Pocr Ipcins Incizs Incr-ar.

Y12 ayy, rz, COSOg, COSPy;,c05P,

Pociz,Poct »Vbers ars a1, Vbei1,Voeiz, Poers Incins Ipcizs Ipcrs@rs

ar Y11, Y2, COSR, COSPy1,c08 Py,

Step 1: compute Vpc; and Vpep, using DC load flow

Vper—V

Step 2: compute Ipc; = %
DC
Vbcr-Vi

Step 3: compute Ipcp, = %
DC

Step 4: compute Ipcg = Ipci + Ipcra

Step 5: compute Ppcr = Vperlper
VDCR COSOR

Step 6: Compute cospg = [T

Step 7: Compute Qpcr = Ppcrtandy

Vpci1 €osy,
Step 8: Compute cos¢;; = —=-—1
Vpcrr +Xclpenn

Vpciz €Osyp,

Step 9: Compute cosdy, = T

Step 10: Compute Qpcr1 = Ppcritandyy

Step 11: Compute Qpcr, = Ppcrztandy,

Note: Ppcj; and Ppcy, are specified. Ppcr, Qper, Qoerr and Qperz
can be computed prior to the AC power flow and hence, are
independent of the iterative loop.

Step 1: compute Vpcyy and Vpp, using DC load flow

Vper-V

Step 2: compute Ipc; = %
DC
Vpcr-Vi

Step 3: compute Ipcp, = %
DC

Step 4: compute Ipcg = Ipcia + Incra

Step 5: compute Ppcr = Vperlper

Vbcr

Step 6: Compute cospg = v
RVi

Note 1: V; is an AC power flow variable and is updated every
iteration. Hence, cosdg changes in every iteration.

Step 7: Compute Qpcr = Ppcrtandyr

v
Step 8: Compute cos¢y; = —=t
anVj
Step 9: Compute cosdy, = 2C2
aVi

Note 2: V; and V) are also AC power flow variables and are updated
every iteration, along with cos¢y; and cosdy,.

Step 10: Compute Qpcr; = Ppe tandy

Step 11: Compute Qpcr, = Ppcrztandy,

Note 3: Pp¢p; and Py, are specified. Pycgr can be computed prior to
the AC power flow. However, Qpcgr, Qpers and Qpcj, depend upon

dr, $11 and ¢y, respectively, and need to be updated every iteration.
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If the number of voltage controlled buses is (g-1), the sequential AC-DC power-flow
problem for a ‘n’ bus AC power system incorporating a 3-terminal HVDC network can

be formulated as,

Solve:

0=1[6;.... 04", V=[Vgys .. V]” (2.22)
Specified:

P=[P;.... P,]",Q = [Qgs1 - Qul” (2.23)

The Newton Power Flow equation would be represented as,

oP P

90 ov| [aey _ [AP

80 20 [AV]_[AQ (2.24)
90 oV

Flow charts for unified and sequential methods corresponding to control strategy-1 are

shown in Figures 2.2 and 2.3, respectively.

Input values of Vpcr, Poci1, Poci2, COSaR,
€OS Yi1, COS Y12, PP, QP and f

v

Initial estimates of unknown variables
0, V, Vicin, Vociz, ar, @i, aiz, Gr, Pi1 and ¢y

L]

> Calculate the parametric error for AC-DC
network
AE=[AI;,AQ,Aﬂ

Yes
No Output results
Solve for 0, V, Vpcrt, Vicrz, ar, ar, ar, Gr, dr1
and d)]z l
AX=J"[AE]
End
1]

Update the value of
X =x 04 ax

Fig. 2.2: Flow chart of unified method corresponding to control strategy 1
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Input values of VDCR: PDCIl and PDCIZ

Y

Solve DC power flow to compute Vpcp
and Vpep

Input values of cosag, cosy;; and cosyy,

v

Compute Ppcr, Qoer, Qoen and Qper

v

Input values of P ** and Q *

v

Initial estimates of unknown variables 6
and V

| Calculate parametric error for AC network
AE=[AP,AQ]

Yes

Output Results
No

Solve for @ and V *
AX=J'[AE] End

v

Update the value of
X =XP+AX

y

Fig. 2.3: Flow chart of sequential method corresponding to control strategy 1

2.6 Case Studies and Results

Numerous case studies were carried out on a three-terminal DC network incorporated
in the IEEE 300-bus test system [104]. All the three converters are connected to their
respective AC buses by converter transformers. Nine typical control strategies are
considered for the three-terminal DC network. The effect of the different control
strategies on the AC-DC power flow convergence was studied. In addition, the base
values chosen for the various DC quantities can be defined in several ways, giving rise
to multiple per-unit HVDC system models. In this context, two different per-unit
system models are considered in this chapter. It is observed that the adoption of
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different per-unit system models (depending on the selection of the base values chosen
for the various DC quantities) affects the AC-DC power flow convergence differently.
For all the case studies, the commutating reactance and the DC link resistance were
chosen as 0.1p.u. and 0.01p.u., respectively. The number of bridges “n,” for all the
converters was taken to be equal to 2. The initial values of variables corresponding to
LCC based HVDC system were shown in Appendix A. A convergence tolerance of
107" p-u. was uniformly adopted for all the case studies. In each of the case studies,
‘NI’ and ‘CT’ denote the number of iterations and the computational time in seconds
{on a Intel® Core (TM) 2 Duo CPU T6400, 2GHz, 2GB RAM processor} for the
algorithm to converge to the specified tolerance. All the case studies were
implemented in MATLAB. Although a large number of case studies were conducted to
validate the proposed model, a few sets of representative results are presented in this

chapter.

2.6.1 Unified AC-DC power-flow studies of IEEE 300 bus test system

incorporating 3-terminal LCC-HVDC network

Case I: Control strategy-1

In this case study, two HVDC links are considered. The first HVDC link is
incorporated between AC buses “25-26” and the second one between buses “25-232”.
The converter connected to bus no. 25 is made to operate as a rectifier. On the other
hand, both the converters connected to buses 26 and 232 are operated as inverters. As
detailed in columns 1-5 of Table 2.6, the active power flows on the DC links 25-26
and 25-232 are set to values of 0.15 p.u and 0.1 p.u., respectively. The DC voltages on
the rectifier side for model-1 and model-2 are set to values of 1 p.u and 2.3 p.u
respectively. It may be noted that these values are different on account of the

different constants being associated with the two models in p.u (Table 2.2). The firing
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angle for the rectifier and the extinction angles for both the inverters are set to 5° and
15°, respectively. The power flow solution is shown in columns 6-11 of Table 2.6.
From Table 2.6, it is observed that although the final power-flow solutions
corresponding to the two models are different, the power-flow convergence patterns
are similar. Both the models require the same number of iterations to converge, with
Model 1 taking slightly less computational time than Model-2. The convergence
characteristics corresponding to the base case power-flow and the unified AC-DC
power-flow corresponding to model-1 and model-2 are shown in Figures 2.4, 2.5 and
2.6, respectively. From Figures 2.4-2.6, it is observed that for Control Strategy-1, the
proposed unified AC-DC power-flow algorithm does not demonstrate quadratic
convergence characteristics, as in the base case power flow. The bus voltage profiles
for model-1 and model-2 are depicted in Figures 2.7 and 2.8, respectively. From
Figures 2.7 and 2.8, it is observed that the bus voltage profile hardly changes except

for the AC terminal buses at which the LCC HVDC links are incorporated.

Variation of Error with Number of Iterations

Errorin p.u.

—

o
kN
o

1 2 3 4 5 6
Number of iterations

Fig. 2.4: Convergence characteristic for the base case power flow in the IEEE-300 bus

system
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Variation of Error with Number of Iterations

—_
(=)
=

Error in p.u.
—
(e

10

1 2 4 6 8 10
Number of iterations

Fig. 2.5: Convergence characteristic of Table 2.6 for model-1 employing control

strategy-1

Variation of Error with Number of Iterations

Error in p.u.

1 2 4 6 8 10
Number of iterations

Fig. 2.6: Convergence characteristic of Table 2.6 for model-2 employing control

strategy-1
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(a) Bus Voltage Magnitude of base case
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Fig. 2.7: Bus voltage profile of Table 2.6 for model-1 employing control strategy-1

(a) Bus Voltage Magnitude of base case
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Fig. 2.8: Bus voltage profile of Table 2.6 for model-2 employing control strategy-1
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Case II: Control strategy-2

In this case study, two HVDC links are connected between AC buses “213-214” and
“213-216". The converter connected to bus no. 213 operates as a rectifier while both
the converters connected to buses 214 and 216 operate as inverters. The rectifier end
DC voltage is specified along with the firing angle. While the first inverter is operated
in constant power mode, the second one is operated in the constant current mode. In
addition, the extinction angles for both the inverters are specified. These values are
detailed in columns 1-5 of Table 2.6. The power flow solution is detailed in columns 6-
11 of Table 2.6. From Table 2.6, it is observed that Model-2 exhibits better
convergence characteristics. Also, ‘CT’ for Model-2 is lesser than that for Model-1.
The convergence characteristics of model 1 and model 2, corresponding to control
strategy 2, are shown in Figures 2.9 and 2.10, respectively. The bus voltage profiles
with model 1 and model 2 for control strategy 2 are shown in Figures 2.11 and 2.12,
respectively.

Variation of Error with Number of Iterations

Error in p.u.

I 2 4 6 3 10
Number of iterations

Fig. 2.9: Convergence characteristic of Table 2.6 for model-1 employing control

strategy-2
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Variation of Error with Number of Iterations

Errorin p.u.
=

I 2 4 6 3 10
Number of iterations

Fig. 2.10: Convergence characteristic of Table 2.6 for model-2 employing control

strategy-2

(a) Bus Voltage Magnitude of base case
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Fig. 2.11: Bus voltage profile of Table 2.6 for model-1 employing control strategy-2
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(a) Bus Voltage Magnitude of base case
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Fig. 2.12: Bus voltage profile of Table 2.6 for model-2 employing control strategy-2

Case II1: Control strategy-3

In this case study, two HVDC links are connected between AC buses “109-146 and
“109-147”. The converter connected to bus no. 109 operates as a rectifier while those
connected to buses 146 and 147 operate as inverters. The rectifier end DC voltage is
specified along with the firing angle. While the first inverter acts on constant current
mode, the second one operates on constant power mode. In addition, the extinction
angles for both the inverters are specified. These values are detailed in columns 1-5 of
Table 2.6. The power flow solution is detailed in columns 6-11 of Table 2.6. It is
observed from the power-flow solution that both the models demonstrate almost
similar convergence characteristics. However, ‘CT’ for Model-1 is slightly less than
that in Model-2. The convergence characteristics of model 1 and model 2

corresponding to control strategy 3 are shown in Figures 2.13 and 2.14, respectively.
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The bus voltage profiles with model 1 and model 2 for control strategy 3 are shown in

Figures 2.15 and 2.16, respectively.

Variation of Error with Number of Iterations
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Fig. 2.13: Convergence characteristic of Table 2.6 for model-1 employing control

strategy-3

Variation of Error with Number of Iterations

Error in p.u.
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Fig. 2.14: Convergence characteristic of Table 2.6 for model-2 employing control

strategy-3
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Fig. 2.15: Bus voltage profile of Table 2.6 for model-1 employing control strategy-3
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Fig. 2.16: Bus voltage profile of Table 2.6 for model-2 employing control strategy-3
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Table 2.6

Study with three different control strategies 1, 2 and 3 of unified method

HVDC links Power flow solution
HVDC link specification
. AC terminal buses HVDC variables
Rectifier Inverter Control strategy-1
bus buses
5"“' Model 1 Model2 | ACSV | Modell | Model2 | DCSV | Modell | Model2
alues
Voen 0.9985 | 2.2993
Poeny 0.15 0.15 Vs 09854 | 09879 | Vpey 0999 | 2.299
(pw) Pocg | 02503 | 02501
b Incrs 0.1502 | 0.0652
26 DCI2 0.1 0.1 0,5 2.1018 | -2.1461 [T 0.1001 | 0.0435
(pw) ez | 02503 | 0.1087
ap 1.0442 | 0.8731
Vber 1 23 Voo 0.9679 | 0.9698 ay 1.0841 | 09137
25 (P ap 1.0425 | 0.8805
coshpg | 09719 | 0.9873
( doélé ) 5 5 056 -4.5343 | -4.5598 [ cospy | 09516 | 0.9607
cosd, | 09563 | 0.9624
Y
232 d elé,) 15 15 Vyss 1.002 1.0047 NI 10 10
Y
(delg) 15 15 0,32 17842 | -1.836 CT 23135 | 2.3935
Control strategy-2 AC terminal buses HVDC variables
SPeC- | \rodel 1 | Model2 | ACSV | Modell | Model2 | P€ | Moder1 | Model
Values SV 2
Voen 0.997 | 2.2987
Pocry 03 0.3 Vo3 1.0409 1.0410 | Vpep 0.9901 | 22772
214 (p-w) Pocis 0.099 | 0.2277
Pocr 04009 | 0.5302
Iocrz 0.1 0.1 0,5 | -20.9011 | -20.999 | TIpo, 03009 | 0.1305
(p-w) g | 04009 | 02305
3 v ag 1.0031 | 0.829
DCR 1 23 Vo1 1.0095 1.0095 ay 1.0533 | 0.8775
(p-w) ap, 09801 | 0.8298
Q CoS 0.9578 0.9867
(de‘g) : : 021 | 207274 | -20.7806 coscclla)i 0.9376 | 0.9607
216 Yiu cosdp, | 0.9563 | 0.9619
(dew) 15 15 Vo 1.0564 1.0564 N T o
23520
(dyelé) 15 15 0,16 | -20.9194 | 209184 | CT 237714 o
Control strategy-3 AC terminal buses HVDC variables
SPC | Model 1 | Model2 | ACSV | Model1 | Model2 | oy | Model1 | MO
alues NY% 2
Vpent 0.9995 | 2.2995
146 Pociz 0.1 0.1 V0o 10195 | 1.0195 [ Vpep 1 23
(p-w) Pocr 0.05 0.115
Pocy 0.05 0.115
zgcllll) 0.05 0.05 100 59816 | 6.3665 Ipci 0 0
109 ) Ipcr 0.05 0.05
ag 0.9896 | 0.8419
Ver 1 23 Vise 09717 | 09716 ay 1.0702 | 0.9109
(P-w) ap, 1.0325 | 0.8792
ag cosdpg 0.9912 0.9921
147 (deg.) > 3 O146 -6.3944 -3-885 cosdy; 0.9611 0.9619
(dyelé.) 15 15 Vi 1.0027 | 1.0028 Coiﬂ’lz 0'98659 0'9;’59
(dyelg) 15 15 0,47 43604 | -3.9388 CT 1.9757 2'21527
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Case IV: Control strategy-4

In this case study, the converter connected to AC bus no. 101 acts as a rectifier while
those connected to AC buses 102 and 105 act as inverters. The rectifier end DC
voltage is specified along with the firing angle. Both the inverters are operated at
constant current and constant extinction angle. The values of the specified quantities
are detailed in columns 1-5 of Table 2.7. The power flow solution is detailed in
columns 6-11 of Table 2.7. The convergence characteristics of model 1 and model 2
corresponding to control strategy 4 are shown in Figures 2.17 and 2.18, respectively.
It is again observed that both the models demonstrate similar convergence
characteristics, with Model-1 taking slightly less ‘CT’ and less ‘NI’ to converge. The
bus voltage profiles with model 1 and model 2 for control strategy 4 are shown in

Figures 2.19 and 2.20, respectively.

Variation of Error with Number of Iterations

Errorin p.u.

2 4 6 5 9
Number of iterations

Fig. 2.17: Convergence characteristic of Table 2.7 for model-1 employing control

strategy-4
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Variation of Error with Number of Iterations
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Fig. 2.18: Convergence characteristic of Table 2.7 for model-2 employing control
strategy-4
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Fig. 2.19: Bus voltage profile of Table 2.7 for model-1 employing control strategy-4
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Fig. 2.20: Bus voltage profile of Table 2.7 for model-2 employing control strategy-4

Case V: Control strategy-5

In this case, two HVDC links are incorporated between AC buses “86-87” and “86-
90”. The converter connected to bus no. 86 operates as a rectifier while both the
converters connected to buses 87 and 90 operate as inverters. In this control strategy,
the rectifier end DC voltage is specified and both the inverters are operated in the
constant power mode. In addition, the tap ratios of all the three converter transformers
are specified. Columns 1-5 of Table 2.7 show these specified values. The power flow
solution is shown in columns 6-11 of Table 2.7. It is also observed that Model-1 fares
slightly better than Model-2 in terms of ‘CT’. The convergence characteristics of
model 1 and model 2 corresponding to control strategy 5 are shown in Figures 2.21
and 2.22, respectively. The bus voltage profiles with model 1 and model 2

corresponding to control strategy 5 are shown in Figures 2.23 and 2.24, respectively.
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Variation of Error with Number of Iterations
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Fig. 2.21: Convergence characteristic of Table 2.7 for model-1 employing control

strategy-5

Variation of Error with Number of Iterations
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Fig. 2.22: Convergence characteristic of Table 2.7 for model-2 employing control

strategy-5
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Fig. 2.23: Bus voltage profile of Table 2.7 for model-1 employing control strategy-5
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Fig. 2.24: Bus voltage profile of Table 2.7 for model-2 employing control strategy-5
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Case VI: Control strategy-6

In this case, the two HVDC links are connected between AC buses “78-84” and “78-
86”. While the converter connected to bus no. 78 operates as a rectifier, the converters
connected to buses 84 and 86 operate as inverters. In this control strategy, the rectifier
end DC voltage is specified. On the other hand, both the inverters are operated in the
constant current mode. Also, the tap ratios of all the three converter transformers are
specified. While columns ‘1-5° of Table 2.7 shows the values of the specified
quantities, columns 6-11 details the power-flow solution. Again, from the values of
‘CT’ and ‘NI, it is observed that Model-1 fares better than Model-2. The convergence
characteristics of model 1 and model 2 corresponding to control strategy 6 are shown
in Figures 2.25 and 2.26, respectively. The bus voltage profiles with model 1 and
model 2 corresponding to control strategy 6 are shown in Figures 2.27 and 2.28,
respectively.

Variation of Error with Number of Iterations

Error in p.u.
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Fig. 2.25: Convergence characteristic of Table 2.7 for model-1 employing control

strategy-6
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Variation of Error with Number of Iterations

T

—_—
(-
=}
T >

Error in p.u.
S,

10

L L

1 2 4 6 8 10 11
Number of iterations

Fig. 2.26: Convergence characteristic of Table 2.7 for model-2 employing control

strategy-6
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Fig. 2.27: Bus voltage profile of Table 2.7 for model-1 employing control strategy-6
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Fig. 2.28: Bus voltage profile of Table 2.7 for model-2 employing control strategy-6

Case VII: Control strategy-7

In this case study, two HVDC links are incorporated between AC buses “68-173” and
“68-174”. The converter connected to bus no. 68 acts as a rectifier while both the
converters connected to buses 173 and 174 act as inverters. In this control strategy, the
rectifier end DC voltage is specified. The first inverter is operated in the constant
power mode while the second one is operated in the constant current mode. In
addition, the tap ratios of all the three converter transformers are specified. The
specified values are given in columns 1-5 of Table 2.8. The power flow solution is
shown in columns 6-11 of Table 2.8. From the power-flow solution, it is again
observed that the values of ‘NI’ and ‘CT’ for Model-2 are more than that for Model-1.
The convergence characteristics of models 1 and 2 corresponding to control strategy 7
are shown in Figures 2.29 and 2.30, respectively. The bus voltage profiles with models
1 and 2 corresponding to control strategy 7 are shown in Figures 2.31 and 2.32,

respectively.
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Table 2.7

Study with three different control strategies 4, 5 and 6 of unified method

HVDC link Power flow solution
HVDC link specification
AC terminal buses HVDC variables
Rectifier Inverter Control strategy-4
bus buses
S\l:f ’ Model 1 | Model 2 1;5 Model 1 Model 2 ];\C/ Model 1 Model 2
Voerr | 0.9985 2.2985
Iocn 0.1 0.1 Vior | 0.9745 09726 | Vperz 0.999 2299
o2 (P Poc. | 0.0999 | 0.2299
1 Pocrz 0.05 0.115
perz 0.05 0.05 8101 | -14.5011 | -14.7822 | Pper 0.15 0.345
(P oo | 0.15 0.15
ar 1.0455 0.8898
101 X‘;Z‘; 1 23 Vioz | 1.0014 1.0015 ay 1.0427 0.887
ap, 1.0408 0.8863
IR 5 5 0u, | 17271 | 168811 | So5Pr | 09815 | 0.9839
(deg.) cosdy, | 0.9563 0.958
105 (dye‘;_) 15 15 | Vips | 09987 | 0.9984 CO;I?’“ 0‘996“ 0'91%19
(dyelg) 15 15 105 | -12.7184 | -12.6926 | CT 2.071 2.3187
Control strategy-5 AC terminal buses HVDC variables
Spec. Model 1 | Model 2 AC Model 1 Model 2 be Model 1 Model 2
Values NY% NY%
Vit 0.998 2.991
fgclg 0.2 0.2 Ve 1.013 1.014 Vocrz 0.998 2.991
Pocr | 0.4008 0.4002
87 b Ipcy | 0.2004 0.087
(ECS 0.2 0.2 Bgs | -13.6274 | -13.6275 | Ipcp 0.2004 0.087
Ipck | 0.4008 0.174
oR 12.0888 8.405
86 Vber
1 23 Vg; | 1.0025 1.0026 Yiu 21.0307 | 18.4729
(P Y | 177966 | 21.7883
ar 1.05 086 | 8y | -15.6006 | -15.6007 |S0Sbr | 09401 | 09725
cosdy; | 09133 0.9417
% an 1.09 09 | Voo | 0972 0972 C‘E‘Ij’“ 0'91?)3 4 0‘91%19
a1z 1.1 0.95 Bg0 | -23.6159 | -23.6159 | CT | 221679 | 22872
Control strategy-6 AC terminal buses HVDC variables
SPeC 1 Nodel 1 | Model2 | 2 | Model1 | Model2 | P€ | Model1 | Model 2
Values NY% NY%
Vben 0.999 2.299
84 Ibcn 0.1 0.1 Vg | 09769 09769 | Vperz 0.999 2.299
(P Pocs | 00999 | 02299
Pocrz | 0.0999 0.2299
Incrz 0.1 0.1 0,5 | -11.43 | -11.4228 | Pper 0.2 0.46
(P Ipcr 02 0.2
78 oR 62257 | 10.0717
Vocr 1 2.3 Voo | 10262 1.0263 Yiu 221221 | 21.6945
(P Y | 225174 | 18.9575
2R 1.04 09 | 8y | -1077 | 107608 |CosPr | 09746 | 0.9685
86 cosdy; | 09172 0.9215
an 1.06 0.9 Vo | 10195 | 10195 |[S0Sb| 09146 0.938
NI 9 11
drz 1.07 0.89 Bgs | -11.6496 | -11.6497 | CT 1.95103 | 2.372151
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Variation of Error with Number of Iterations
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Fig. 2.29: Convergence characteristic of Table 2.8 for model-1 employing control
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Fig. 2.30: Convergence characteristic of Table 2.8 for model-2 employing control

strategy-7
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Fig. 2.31: Bus voltage profile of Table 2.8 for model-1 employing control strategy-7
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Fig. 2.32: Bus voltage profile of Table 2.8 for model-2 employing control strategy-7
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Case VIII: Control strategy-8

In this case, two HVDC links are incorporated between AC buses “15-31” and “15-
74”. The converter connected to bus no. 15 operates as a rectifier while both the
converters connected to buses 31 and 74 operate as inverters. In this control strategy,
the rectifier end DC voltage is specified. The first and the second inverters are operated
in the constant current and constant power modes, respectively. In addition, the tap
ratios of all the three converter transformers are specified. Columns 1-5 of Table 2.8
shows these specified values. The power flow solution is shown in columns 6-11 of
Table 2.8. From the power-flow solution, it is again observed that Model-1 fares
slightly better than Model-2 in respect of ‘CT’. The convergence characteristics with
models 1 and 2 corresponding to control strategy 8 are shown in Figures 2.33 and 2.34,
respectively. The bus voltage profiles with models 1 and model 2 corresponding to

control strategy 8 are shown in Figures 2.35 and 2.36, respectively.

Variation of Error with Number of Iterations

Error in p.u.
S
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Fig. 2.33: Convergence characteristic of Table 2.8 for model-1 employing control

strategy-8
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Variation of Error with Number of Iterations
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Fig. 2.34: Convergence characteristic of Table 2.8 for model-2 employing control

strategy-8
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Fig. 2.35: Bus voltage profile of Table 2.8 for model-1 employing control strategy-8
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Fig. 2.36: Bus voltage profile of Table 2.8 for model-2 employing control strategy-8

Case IX: Control strategy-9

In this case, two HVDC links are incorporated between AC buses “266-270” and “266-
271”. The converter connected to bus no. 266 acts as a rectifier while both the
converters connected to buses 270 and 271 operate as inverters. While the rectifier
operates in the constant firing angle mode, the inverters are operated in the constant
power and constant extinction angle mode. Columns 1-5 of Table 2.8 show these
specified values. The power flow solution is shown in columns 6-11 of Table 2.8.
Model-2 is observed to have slightly lesser ‘CT’ than Model-1. The convergence
characteristics with model 1 and model 2 corresponding to control strategy 9 are
shown in Figures 2.37 and 2.38, respectively. The bus voltage profiles with model 1
and model 2 corresponding to control strategy 9 are depicted in Figures 2.39 and 2.40,

respectively.
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Table 2.8

Study with three different control strategies 7, 8 and 9 of unified method

HVDC link Power flow solution
HVDC link specification
AC terminal buses HVDC variables
Rectifier Inverter Control strategy-7
Bus Buses
Spec. Model 1 Model 2 AC Model 1 Model 2 be Model 1 Model 2
values NY% NY%
P Vben 1 23
(DCI; 0.2 0.2 Ve | 1.0309 1.0306 Vocrz 0.999 2299
u
P Pocrz 0.999 02299
173 1 Pocr 0.3 0.43
(DC”) 0.1 0.1 Bss | -18.7703 | -18.7794 | Ipcp 0.2 0.087
u
P Incr 03 0.187
v oR 14.0617 9.1939
68 (Di‘; 1 2.3 Viss | 1.0465 1.0465 Y 21.8305 | 21.3478
p- iz 217536 | 21.1622
0.9418 0.9721
ar 1.03 0.85 0,y | -18.7687 | -18.7227 |SOSPr
cosdy; 0.9101 0.9247
174 ap cosdy, 0.9196 0.9249
1.05 0.88 v, 1.0346 1.0341
7 NI 9 10
iz 1.05 0.89 8174 | -20.4037 | -20.2606 CT 2.1869 2.44519
Control strategy-8 AC terminal buses HVDC variables
Spec. AC DC
Model 1 Model 2 Model 1 Model 2 Model 1 Model 2
values N NY%
| Voent 0.9996 2.2996
31 (Dcl‘ll) 0.04 0.04 Vis 1.0311 1.0312 Vbcrz 0.9998 2.2991
p- Pocnn 0.04 0.092
b Pocr 0.2404 0.2921
(D‘ii 0.2 0.2 85 | -7.9123 | -7.9121 Incrz 0.2004 0.087
p- Incr 02404 0.127
s v oR 10.4853 | 13.9799
(DC‘; 1 23 Vsy 1.0199 1.0199 Yi 204163 | 21.4698
u
P Yiz 21.560 20.8776
0.9602 0.9603
ar 1.01 0.86 0, | -105732 | 105731 | -<o5®r
cosdy 0.9334 0.9275
74 0.9136 0.9276
n 1.05 0.9 Vo | 10305 | 1031 [S05%e
NI 9 9
a1z 1.06 0.89 0, | 93778 | -9.3882 CT 2.196934 | 2.226688
Control strategy-9 AC terminal buses HVDC variables
Spec. AC DC
Model 1 Model 2 Model 1 Model 2 Model 1 Model 2
values NY% NY%
b Vbcr 1.003 23013
570 (DCI; 0.3 0.3 Vaee | 1.0071 1.0082 Vbcrz 1.002 2.3009
u
P Poce | 04010 | 04002
b Ipcn 0.3 0.1304
(DCI; 0.1 0.1 0,66 | -11.2395 | -11.2379 | Ipepe 0.0998 0.0435
u
P Incr 03998 | 0.1739
266 v agr 1.0396 0.8606
(DC‘; 1 23 Vayo | 1.0072 1.0083 ap 1.0587 0.8838
u
P ap 1.064 0.8966
0.958 0.982
R 5 5 0,0 | 112534 | 112519 |_SOSPr
271 (deg.) cosdy, 0.9378 0.9552
0.9564 0.9624
i 15 15 Vo | 09847 | 09872 |S0S%n
(deg.) NI 10 10
(dyelé) 15 15 0,7, | -15.1206 | -15.1079 CT 2.305518 2287
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Fig. 2.37: Convergence characteristic of Table 2.8 for model-1 employing control
strategy-9
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Fig. 2.38: Convergence characteristic of Table 2.8 for model-2 employing control

strategy-9
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Fig. 2.39: Bus voltage profile of Table 2.8 for model-1 employing control strategy-9
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Fig. 2.40: Bus voltage profile of Table 2.8 for model-2 employing control strategy-9
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From the above studies of unified method, it is observed that, the convergence
characteristics corresponding to all the presented control strategies do not possesses the

quadratic convergence characteristics as in base case.

2.6.2 Sequential AC-DC power-flow studies of IEEE 300 bus test

system incorporating 3-terminal LCC-HVDC network

Case I: Control strategy-1

In this case study, two HVDC links are considered. The first link is incorporated
between AC buses “25-26” and the second one between buses “25-232”. The
converter connected to bus no. 25 operates as a rectifier. On the other hand, both the
converters connected to buses 26 and 232 operate as inverters. The active power flows
on the links 25-26 and 25-232 are set to 0.15 p.u and 0.1 p.u, respectively. The DC
voltages on the rectifier side for model-1 and model-2 are set to values of 1 p.u and
2.3 p.u, respectively. It may be noted that these values are different on account of the
different constants being associated with the two models (Table 2.2). The firing angle
for the rectifier and the extinction angles for both the inverters are set to 5° and 15°,
respectively. The power flow solution is shown in columns 6-11 of Table 2.9. From
Table 2.9, it is observed that although the final power-flow solutions corresponding to
two models are different, the power-flow convergence patterns are similar. Although
both the models require the same ‘NI’ to converge, Model-1 takes slightly less ‘CT’
than Model-2. The convergence characteristics with model 1 and model 2
corresponding to control strategy 1 are shown in Figures 2.41 and 2.42, respectively.
The bus voltage profiles with model 1 and model 2 for control strategy 1 are shown in

Figures 2.43 and 2.44, respectively.
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Variation of Error with Number of Iterations
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Fig. 2.41: Convergence characteristic of Table 2.9 for model-1 employing control

strategy-1
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Fig. 2.42: Convergence characteristic of Table 2.9 for model-2 employing control

strategy-1
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Fig. 2.43: Bus voltage profile of Table 2.9 for model-1 employing control strategy-1
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Fig. 2.44: Bus voltage profile of Table 2.9 for model-2 employing control strategy-1
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Case II: Control strategy-2

In this case study, two HVDC links are connected between AC buses “213-214” and
“213-216". The converter connected to bus no. 213 operates as a rectifier while both
the converters connected to buses 214 and 216 operate as inverters. The rectifier end
DC voltage is specified along with the firing angle. While the first inverter acts on
constant power mode, the second one acts on constant current mode. In addition, the
extinction angles for both the inverters are specified. These values are detailed in
columns 1-5 of Table 2.9. The power flow solution is detailed in columns 6-11 of
Table 2.9. From Table 2.9, it is observed that Model-2 demonstrates slightly better
convergence than Model-1, in terms of lower ‘CT’. The convergence characteristics
with model 1 and model 2 corresponding to control strategy 2 are shown in Figures
2.45 and 2.46, respectively. The bus voltage profiles of model 1 and model 2 for

control strategy 2 are shown in Figures 2.47 and 2.48, respectively.
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Fig. 2.45: Convergence characteristic of Table 2.9 for model-1 employing control

strategy-2
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Fig. 2.46: Convergence characteristic of Table 2.9 for model-2 employing control

strategy-2

(a) Bus Voltage Magnitude of base case

1.2 T \
., 1.1F i
=
i WWWWWWVW%MWW
0'91 5‘0 160 150 260 250 300
(b) Bus Voltage Magnitude with 3-Terminal LCC-HVDC
1.2 \ \
C1A1F .
=
2 WWWMWMWWWMMWW
0.9 | | | | |
1 50 100 150 . 200 250 300
x10™ (c) Bus Voltage Magnitude Difference
10 T T T
. 51 \ h .
=
Q-i 0 A A\
-5 1 1 1 1 1
1 50 100 150 200 250 300

Bus Number

Fig. 2.47: Bus voltage profile of Table 2.9 for model-1 employing control strategy-2
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Fig. 2.48: Bus voltage profile of Table 2.9 for model-2 employing control strategy-2

Case III: Control strategy-3

In this case, two HVDC links are connected between AC buses “109-146" and “109-
147”. While the converter connected to bus no. 109 acts as a rectifier, both the
converters connected to buses 146 and 147 operate as inverters. The rectifier end DC
voltage is specified along with the firing angle. While the first inverter operates in
constant current mode, the second one operates in the constant power mode. In
addition, the extinction angles for both the inverters are specified. These values are
detailed in columns 1-5 of Table 2.9. The power flow solution is detailed in columns 6-
11 of Table 2.9. It is observed from the power-flow solution, that both the models
demonstrate almost similar convergence characteristics. However, model-2 takes
slightly less CT to converge. The convergence characteristics with model 1 and model
2 corresponding to control strategy 3 are shown in Figures 2.49 and 2.50, respectively.
The bus voltage profiles with model 1 and model 2 for control strategy 3 are shown in

Figures 2.51 and 2.52, respectively.

62



Table 2.9

Study with three different control strategies 1, 2 and 3 of sequential method

HVDC links Power flow solution
HVDC link specification
. AC terminal buses HVDC variables
Rectifier | Inverter
bus buses Control strategy-1
5;:;5 Model 1 Model 2 /;\C; Model 1 Model 2 ]S)\(/: Model 1 Model 2
Vpcir | 0.9985 22993
I(JECIS 0.15 0.15 Vys 0.9938 09879 | Vperz 0.999 2.2996
Poer | 0.2503 0.2501
Incii | 0.1502 0.0652
26 I(JECS 0.1 0.1 8,5 0.2585 2.1461 | Ipcp 0.1001 0.0435
Incr 0.2503 0.1087
ag 1.0237 0.8731
Vocr 1 23 Vs 0.9732 0.9698 ap 1.0904 0.9137
25 (P Az 1034 | 08805
cospy | 0.9814 0.9873
( d‘::‘;_) 5 5 B, | -2.0488 | -4.5599 | cosdy | 0.9423 0.9607
cosdr, | 0.9563 0.9624
232 ((L‘;) 15 15 Vs | 1.0103 1.0047 NI 6 6
(dye‘;) 15 15 B3, | 05706 -1.836 CT 1.33934 | 1360377
Control strategy-2 AC terminal buses HVDC variables
Spec. Model 1 Model 2 AC Model 1 Model 2 be Model 1 Model 2
Values NY% N
b Vbt 0.997 22987
ber 0.3 0.3 Vos | 1.0409 1.0409 | Vperz 0.999 2299
214 (p-w) Pociz | 0.0999 0.2299
Pocg | 0.4009 0.5302
Incrz 0.1 0.1 0,15 | -20.8941 | 209826 | Ipcpy 0.3009 0.1305
(P Iocx | 04009 | 02305
ag 1.0031 0.837
213 Vber
1 23 Vye | 1.0095 1.0095 ap 1.0533 0.8822
Pw a, | 09888 | 0.8411
Q cosdg 0.9578 0.9775
(del:;.) > > O214 | -20.7203 1 -20.7635 cosdy; | 0.9376 0.9556
216 (Je‘;) 15 15 Vye | 10564 | 1.0563 C";‘f“ 0'96564 0'9658
(;;‘; 15 15 8,16 | -20.9123 | 209012 | CT 137153 | 1360508
Control strategy-3 AC terminal buses HVDC variables
5:1?125 Model 1 Model 2 IS\C/ Model 1 Model 2 ]S)\C/ Model 1 Model 2
Vpeir | 0.9995 2.995
146 E‘;CS 0.1 0.1 Vies | 1.0190 1.0194 | Vpepz 0.999 2.996
Pocg | 0.1501 0.215
Pocis 0.05 0.115
Iocn 0.05 0.05 0100 | 5.6989 5.7082 Ipcrz 0.1001 0.0435
(P x| 0.1501 | 0.0935
109 an 1.133 0.8451
Vocr 1 23 Vigs | 09713 0.9716 ap; 1.1186 0.9109
(P ap | 11356 | 08823
aR 5 5 0., | -6.6123 64623 cosdr 0.8662 0.9885
147 (deg.) cosdpy | 0.9199 0.9619
(;;‘;) 15 15 Vi, | 1002 1.0026 Co;‘f” 0'?8 0‘96624
(;;‘; 15 15 B4, | -4.4854 | -4.4246 CT 1.49552 | 1392965
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Fig. 2.49: Convergence characteristic of Table 2.9 for model-1 employing control

strategy-3
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Fig. 2.50: Convergence characteristic of Table 2.9 for model-2 employing control
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Fig. 2.51: Bus voltage profile of Table 2.9 for model-1 employing control strategy-3
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Fig. 2.52: Bus voltage profile of Table 2.9 for model-2 employing control strategy-3
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Case IV: Control strategy-4

In this case study, the rectifier is connected to AC bus no. 101 while the inverters are
connected to buses 102 and 105, respectively. The rectifier end DC voltage is specified
along with the firing angle. Both the inverters are operated at constant current and
constant extinction angle mode. The values of the specified quantities are detailed in
columns 1-5 of Table 2.10. The power flow solution is detailed in columns 6-11 of
Table 2.10. It is again observed that both the models demonstrate similar convergence
characteristics, with Model-2 taking slightly less CT to converge. The convergence
characteristics with model 1 and model 2 corresponding to control strategy 4 are
shown in Figures 2.53 and 2.54, respectively. The bus voltage profiles with model 1

and model 2 for control strategy 4 are shown in Figures 2.55 and 2.56, respectively.
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Fig. 2.53: Convergence characteristic of Table 2.10 for model-1 employing control

strategy-4
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Fig. 2.55: Bus voltage profile of Table 2.10 for model-1 employing control strategy-4
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(a) Bus Voltage Magnitude of base case
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Fig. 2.56: Bus voltage profile of Table 2.10 for model-2 employing control strategy-4

Case V: Control strategy-5

In this case, two HVDC links are incorporated between AC buses “86-87” and “86-
90”. The converter connected to bus no. 86 operates as a rectifier while both the
converters connected to buses 87 and 90 operate as inverters. In this strategy, the
rectifier end DC voltage is specified. Both the inverters are operated in the constant
power mode. In addition, the tap ratios of all the three converter transformers are
specified. Columns 1-5 of Table 2.10 show these specified values. The power flow
solution is shown in columns 6-11 of Table 2.10. From the power-flow solution, it is
observed that the number of iterations ‘NI’ taken to converge has increased for both
the models along with increased values of computational time ‘CT’. This is because
for this control strategy, the equivalent reactive power injections (at the converter
terminal buses) cannot be computed a-priori and need to be updated in every iteration.

This affects the convergence pattern adversely. It is also observed from the values of
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‘CT’ that Model-2 fares slightly better than Model-1. The convergence characteristics
with model 1 and model 2 corresponding to control strategy 5 are shown in Figures
2.57 and 2.58, respectively. The bus voltage profiles of model 1 and model 2 for

control strategy 5 are shown in Figures 2.59 and 2.60, respectively.

Case VI: Control strategy-6

In this case, the two HVDC links are connected between AC buses “78-84” and “78-
86”. While the converter connected to bus no. 78 operates as a rectifier, the converters
connected to buses 84 and 86 operate as inverters. In this control strategy, the rectifier
end DC voltage is specified. On the other hand, both the inverters are operated in the
constant current mode. Also, the tap ratios of all the three converter transformers are
specified. While columns ‘1-5° of Table 2.10 show the values of the specified
quantities, columns 6-11 detail the power-flow solution. From the power flow solution,
it is observed that again the convergence pattern is adversely affected by this control
strategy, as the converter equivalent reactive power injections are updated in each
iteration. Again, from the values of ‘CT’ and ‘NI’, it is observed that Model-1 fares
better than Model-2. The convergence characteristics with model 1 and model 2
corresponding to control strategy 6 are shown in Figures 2.61 and 2.62, respectively.
The bus voltage profiles with model 1 and model 2 for control strategy 6 are shown in

Figures 2.63 and 2.64, respectively.
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Fig. 2.59: Bus voltage profile of Table 2.10 for model-1 employing control strategy-5
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Fig. 2.60: Bus voltage profile of Table 2.10 for model-2 employing control strategy-5
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Fig. 2.61: Convergence characteristic of Table 2.10 for model-1 employing control
strategy-6

Variation of Error with Number of Iterations

Errorin p.u.

12 4 6 8 10 1213
Number of iterations

Fig. 2.62: Convergence characteristic of Table 2.10 for model-2 employing control

strategy-6

72



(a) Bus Voltage Magnitude without HVDC link
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Fig. 2.63: Bus voltage profile of Table 2.10 for model-1 employing control strategy-6
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Fig. 2.64: Bus voltage profile of Table 2.10 for model-2 employing control strategy-6
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Table 2.10

Study with three different control strategies 4, 5 and 6 of sequential method

HVDC link . . . Power flow solution
HVDC link specification
. AC terminal buses HVDC variables
Rectifier | Inverter Control strategy-4
bus buses ifj: Model 1 | Model 2 ‘;\C/ Model 1 | Model 2 ]S)\C/ Model 1 | Model 2
Vbeir 0.999 2295
Iocn 0.1 0.1 Vier | 0.9745 09384 | Vpe, | 0.9995 2296
(P Pocy | 00999 | 1.1475
102 Pocia 0.05 0.9184
igi‘s 0.05 0.05 8101 | -14.5005 | -18.0564 | Ppcr 0.15 2.07
Incr 0.15 0.9
ag 1.0455 0.979
101 X]a)f;; 1 23 Vipz | 1.0014 0.9901 ap 1.0432 0.9255
ap, 1.0413 0.9174
o cosdr 0.9815 0.9269
( de‘;‘) 5 5 8102 | -17.2702 | -14.7398 costr, | 09564 9
105 (g'é;) 15 15 Vigs | 09987 | 09912 CO;I‘I"” 0‘9661 ! 0'96348
(;'e‘;) 15 15 105 | -12.7177 | -12.8546 | CT 151186 | 1.41018
Control strategy-5 AC terminal buses HVDC variables
Spec | Nodel 1 | Model2 | A€ | Model1 | Model2 | P€ | Model1 | Model2
Val. SV Y
Vit 0.998 2.991
E‘;CIS 0.2 0.2 Ves 1.013 1.0141 | Vper 0.998 2.991
Pocr | 0.4008 0.4002
87 Ipcn | 0.2004 0.087
Pocra 0.2 0.2 Bgs | -13.6274 | -13.6383 | Ipcp, 0.2004 0.087
(P ek | 0.4008 0.174
oR 12.0888 | 14.5339
86 Vbcr
1 23 Vgs 1.0025 1.0035 Yiu 21.037 20.1385
(P Yo | 177966 | 16.703
ag 1.05 0.88 6s, | -156006 | -15.7001 cosdr | 0.9401 0.9542
cosdy, | 09133 0.9321
an 1.09 091 Voo | 0972 09733 |05z | 09334 | 09506
90 NI 10 10
a2 1.1 0.92 8q | -23.6159 | -23.6212 | CT | 2.02501 2.0171
Control strategy-6 AC terminal buses HVDC variables
Spec | Nodel 1 | Model2 | AC | Model1 | Model2 | P€ | Model1 | Model2
Val. Y Y
Vet 0.999 2299
84 Ibcn 0.1 0.1 Vg 0.9861 09757 | Vberz 0.999 2299
(P Poc, | 0.0999 | 02299
Pociz | 0.0999 0.2299
Incrz 0.1 0.1 8,5 | -10.2544 | -11.4187 | Pper 0.2 0.46
(P Tocr 02 02
78 g 9.8874 12.8457
X‘;‘;‘; 1 23 Vg 1.0276 1.0263 Y 20.7534 | 21.6895
Yi2 225238 | 18.8897
2R 1.05 0.91 O | -11.5247 | -10776 | 205bm | 09658 0959
86 cosdpy | 0.9258 0.9215
an 1.05 0.9 Ve | 10200 | 10196 | oSz 09146 0938
NI 9 13
412 1.07 0.89 Bgs | -12.4037 | -11.6552 | CT 1.84502 | 2.531736
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Case VII: Control strategy-7

In this case study, two HVDC links are incorporated between AC buses “68-173" and
“68-174”. The converter connected to bus no. 68 acts as a rectifier while both the
converters connected to buses 173 and 174 act as inverters. In this control strategy,
the rectifier end DC voltage is specified. The first inverter is operated in the constant
power mode while the second one operates in the constant current mode. In addition,
the tap ratios of all the three converter transformers are specified. The specified values
are given in columns 1-5 of Table 2.11. The power flow solution is shown in columns

6-11 of Table 2.11.

From the power-flow solution, it is again observed that the convergence pattern is
adversely affected by this particular control strategy as seen from the increased values
of ‘NI’ and ‘CT’. This is because for this control strategy too, the converter equivalent
reactive power injections need to be updated in every iteration. Also, Model-1 is
observed to have slightly better convergence than Model-2 in respect of both ‘CT’ and
‘NI’.  The convergence characteristics with model 1 and model 2 corresponding to
control strategy 7 are shown in Figures 2.65 and 2.66, respectively. The bus voltage
profiles with model 1 and model 2 for control strategy 7 are shown in Figures 2.67 and

2.68, respectively.
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Fig. 2.65: Convergence characteristic of Table 2.11 for model-1 employing control
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Fig. 2.67: Bus voltage profile of Table 2.11 for model-1 employing control strategy-7

1.2

Fig. 2.68: Bus voltage profile of Table 2.11 for model-2 employing control strategy-7

Case VIII:

In this case, two HVDC links are incorporated between AC buses “15-31” and “15-
74”. The converter connected to bus no. 15 operates as a rectifier while both the

converters connected to buses 31 and 74 operate as inverters. Control Strategy-8 is
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selected for the control of the DC links. In this control strategy, the rectifier end DC
voltage is specified. The first and the second inverters are operated in the constant
current and constant power modes, respectively. In addition, the tap ratios of all the
three converter transformers are specified. Columns 1-5 of Table 2.11 show these
specified values. The power flow solution is shown in columns 6-11 of Table 2.11.
From the power-flow solution, it is again observed from the increased values of ‘CT’
and ‘NI’ that in this control strategy, the updating of the equivalent reactive power
injections at the converter terminal buses in every iteration affect the convergence
pattern adversely. Model-1 is observed to demonstrate slightly better convergence than
Model-2 in respect of ‘CT’. The convergence characteristics with model 1 and model 2
corresponding to control strategy 8 are shown in Figures 2.69 and 2.70, respectively.
The bus voltage profiles with model 1 and model 2 for control strategy 8 are shown in

Figures 2.71 and 2.72, respectively.
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Fig. 2.71: Bus voltage profile of Table 2.11 for model-1 employing control strategy-8
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Fig. 2.72: Bus voltage profile of Table 2.11 for model-2 employing control strategy-8

Case IX: Control strategy-9

In this case, two HVDC links are incorporated between AC buses “266-270” and “266-
271”. The converter connected to bus no. 266 acts as a rectifier while both the
converters connected to buses 270 and 271 act as inverters. In this control strategy, the
rectifier is operated in the constant firing angle mode while the two inverters are
operated in constant power and constant extinction angle modes. Columns 1-5 of
Table 2.11 shows these specified values. The power flow solution is shown in columns
6-11 of Table 2.11. From the reduced values of ‘CT’ and ‘NI’ it is observed that as
compared to the case studies with Control Strategies-5, 6, 7 and 8, with Control
Strategy-9, the convergence pattern is better because the equivalent reactive power
injections at the converter terminal buses can be computed a-priori and are
independent of the iterative loop. Model-1 fares slightly better than Model-2 in terms
of ‘CT’. The convergence characteristics with model 1 and model 2 corresponding to

control strategy 9 are shown in Figures 2.73 and 2.74, respectively. The bus voltage
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profiles with model 1 and model 2 for control strategy 9 are shown in Figures 2.75 and

2.76, respectively.
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Fig. 2.75: Bus voltage profile of Table 2.11 for model-1 employing control strategy-9
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Fig. 2.76: Bus voltage profile of Table 2.11 for model-2 employing control strategy-9
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Table 2.11

Study with three different control strategies 7, 8 and 9 of sequential method

HVDC link Power flow solution
HVDC link specification
AC terminal buses HVDC variables
Rectifier | Inverter Control strategy-7
Bus Buses Spec. AC DC
Vals. Model 1 Model 2 SV Model 1 Model 2 SV Model 1 Model 2
b Vben 0.998 22991
(DCS 0.2 0.2 Veg | 1.0309 1.0306 Vpcrz 0.999 2299
P Pociz | 00999 | 02299
173 . Pocr 0.3004 0.4301
(DC:S 0.1 0.1 0gs | -18.7713 | -18.7794 | Ipcn 0.2004 0.087
P Iocn | 0.3004 0.187
v oR 14.05 12.5736
68 (DC‘; 1 23 Viss | 1.0464 1.0465 Yiu 22.1011 21.3748
u
P Yiz 217528 | 22.6652
ap cosdpr | 0.9418 0.9611
1.03 0.86 0 -18.7713 | -18.7227
173 cos¢py, | 0.9083 0.9248
174 0.9196 0.9148
an 1.05 088 | Vo | 10346 | 10341 [S05%m
NI 8 9
Az 1.05 0.9 B.74 | -20.4064 | -20.2606 CT 1.82981 | 1.982946
Control strategy-8 AC terminal buses HVDC variables
SPeC | Model1 | Model2 | A€ | Model1 | Model2 | P€ | Model1 | Model 2
Vals. SV SV
| Vbent 0.9996 2.2996
3 (DC”) 0.04 0.04 Vis 1.0298 1.0284 Vpcrz 0.9998 22991
u
P Pocis 0.04 0.092
b Pocr 0.2404 0.2921
(DCI§ 0.2 0.2 0,5 | -7.3763 | -9.2746 Incrz 0.2004 0.087
u
P Ioen | 02404 0127
oR 12.874 13.3493
15 Vber
o 1 23 Vo | 1.0208 1.0189 Yiu 20.5593 | 21.3213
u
P Yiz 183072 | 222765
0.952 0.9628
2R 1.02 0.86 0, | -9.8835 | 111852 |—0%m
cosdyy 0.9326 0.9285
74 . i
an 1.05 09 Voo | 10311 | 10208 |S0Sbe | 09307 09184
NI 9 9
Az 1.04 0.9 0,, | -8.7861 | -10.3608 CT 1.97939 | 1.995565
Control strategy-9 AC terminal buses HVDC variables
Spec.
Value Model 1 Model 2 25 Model 1 Model 2 ]SD\C/ Model 1 Model 2
S
b Vbcr 0.997 22987
270 (DCI; 0.3 0.3 Vyee | 1.0082 1.0092 Vicrz 0.999 2.2996
u
P Pock | 04010 | 04002
b Incit 0.3009 0.1305
(DCI; 0.1 0.1 Bs6¢ | -10.5314 | -10.5448 | Ipcp, 0.1001 0.0435
u
ree P Iock | 0401 0.174
v aR 1.0226 0.8556
(DC‘; 1 23 Voo | 1.0082 1.0093 ap 1.068 0.8861
u
P ap, 1.0594 0.895
0.967 0.9855
IR 5 5 0,0 | 105314 | -10537 | -SOS®r
271 (deg.) cosdy; | 0.9287 0.9522
i 15 15 V. | 0986 | o0ossa |05z | 09563 09624
(deg.) NI 6 6
(ge‘; ) 15 15 0,71 | -14.4112 | -14.4049 CT 138442 | 1397773
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The convergence characteristics corresponding to some of the control strategies in the
sequential method retain the quadratic convergence characteristics similar to the base
case. However, for other control strategies, the quadratic convergence characteristics
are not retained. In addition, the bus voltage profiles for these studies do not change

except the terminal AC buses at which the LCC HVDC converters are placed.
2.7 Conclusions

In this chapter, both unified and sequential Newton power-flow models of LCC based
hybrid AC-DC systems have been presented. Based on the selection of the base values
of the various DC quantities, two different per-unit AC-DC system models have been
considered. The convergence characteristics of both the unified and the sequential
Newton power-flow algorithms have been investigated in light of these two per-unit
AC-DC system models and diverse DC link control strategies employed. All the
power-flow models were implemented on a 3-terminal MLDC network incorporated
in the IEEE 300-bus test system [104]. Nine different control strategies have been

considered for control of the HVDC links.

It is observed that corresponding to the unified Newton power-flow model, the
convergence characteristics with both the per-unit system models (Models 1 and 2)
are similar, independent of the control strategy adopted. However, the convergence
characteristics vary slightly with the location of the MLDC network i.e. the AC
system buses between which the link is incorporated and the values of the electrical

quantities specified in the control strategy adopted for the DC links.

Corresponding to the sequential Newton power-flow model, it is observed that
the convergence characteristics are strongly dependent on the control strategy

employed for the DC links. For some of the control strategies, the converter
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equivalent reactive power injections need to be computed in every NR iteration. This
affects the convergence of the algorithm. Similar to the unified model, the
convergence characteristics is also observed to be affected by the location of the
MLDC network in the AC system and the values of the electrical quantities specified
in the DC link control strategy. It is also observed that in most of the cases, the

convergence characteristics are almost similar for both the per-unit models.

In the next chapter, the Newton power flow modeling of VSC based hybrid

AC-DC systems is presented.
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Chapter 3

Newton Power Flow Modeling of Voltage Source
Converter (VSC) Based Hybrid AC-DC Systems
Employing DC Slack-Bus Control

3.1 Introduction

The advancement of power-electronics led to the development of Insulated
Gate Bipolar Transistor (IGBT), which paved the way for VSC-based HVDC
technology. VSC-HVDC based on PWM scheme has the advantage of independent
active and reactive power control, reversible power flow without the change of

voltage polarity along with reduction in filter size [8] — [18].

Unlike a two-terminal VSC HVDC interconnection, a multi-terminal VSC-
based HVDC (MVDC) interconnection is able to exploit the economic and technical
advantages of the VSC HVDC technology in a superior way. It is also better suited if
futuristic integration of renewable energy sources are planned [19] — [21]. Ina MVDC
system, the converters stations can be located closely, in the same sub-station or
remotely, at different locations. The corresponding configurations are known as Back-
to-Back (BTB) or Point-to-Point (PTP), respectively. Most of the MVDC systems
installed worldwide are in the PTP configuration, their DC sides being interconnected

through DC links or cables [4], [10] and [12].

In a MVDC system, one of the VSCs acts as a master converter while the rest
act as slave converters [10], [12]. The master converter controls the voltage

magnitude of its AC terminal bus while the slave converters control the active and
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reactive powers at the terminal end of the lines connecting them to the AC system
buses [10], [12]. [23]-[36] present some comprehensive research works on the control

of VSC-based HVDC systems.

For planning, operation and control of AC power systems incorporating VSC
HVDC networks, power flow solution of the integrated AC-DC systems is an
essential requirement. In this respect, [76] — [80], [85], [88]-[94], present some
comprehensive research works on the development of efficient Newton power-flow

algorithms for VSC based hybrid AC-DC systems.

However, it is observed that in none of the above works, the modulation index
of the converter has been considered as an unknown. The converter modulation index
‘m’ is an important parameter for VSC operation. Operational considerations limit the
minimum and maximum value of the modulation index ‘m’. It has been reported that
[11] while a low ‘m’ limits the maximum fundamental AC side voltage of the VSC,
over-modulation (m >1) may result in low-order harmonics in the AC voltage

spectrum. Practical ranges of ‘m’ have been reported in [18].

Thus, a power-flow model should yield the value of ‘m’ and “Vp¢’ directly,
for a given operating condition, so that it can be checked whether ‘m’ lies within its

specified limits (with sufficient margin for a dynamic response), along with ‘Vp¢’.

This chapter presents the development of unified and sequential Newton
power-flow models of hybrid AC-MVDC systems. For control of the MVDC grid,
DC slack-bus control has been employed. In all the models, the converter modulation
indices appear as unknowns along with the DC side voltages and the phase angles of

the AC side voltage phasors of the VSCs. In addition, both the number of VSCs and
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the MVDC network topology can be arbitrarily chosen in the model. All the models

account for the converter losses.

3.2 Modeling of Hybrid AC-MVDC Systems Employing DC Slack

Bus Control

For the power flow modeling of an integrated AC-MVDC system, the following

assumptions have been adopted [4], [8] [10] and [12].

e The supply voltages are sinusoidal and balanced (contain only
fundamental frequency and positive sequence components).

o All the transmission lines are represented by their equivalent-pi models.
e The harmonics generated by the VSCs are neglected.

e The switches are assumed to be ideal.

Now, based on the locations of the VSCs, a MVDC system can have a Back to
Back (BTB) or a Point to Point (PTP) configuration. In the Back to Back (BTB)
scheme, the converters usually exist at the same location. On the other hand, in a
Point to Point (PTP) scheme, the DC links are used to transmit the bulk power
between converters which are at different locations. Depending upon the MVDC
configuration (PTP or BTB), the power-flow equations and their implementation by

the Newton’s method are slightly different. These are elaborated below.
3.2.1 Modeling of Hybrid AC-MVDC Systems in the PTP
Configuration

Figure 3.1 shows a ‘n” bus AC power system network incorporating a MVDC grid,
which is interconnected in the PTP configuration. The MVDC grid comprises ‘q’

VSCs which are connected to ‘q” AC buses through their respective coupling
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transformers. Without loss of generality, it is assumed that the ‘q> VSC converters are

connected to AC buses ‘i°, ‘(i+1)’, and so on, up to bus ‘(i+q-1)’. The equivalent

circuit of Figure 3.1 is shown in Figure 3.2.

Vi 26; VSC1" DCBus‘l’
Bus 3¢
q 3¢ 4+
_VDCI
Vi 26, VSC 2’ - Roc
e DC Bus 2’
Bus 3¢ 4%:1
[ o€

T
Lv

C2

SC
|
|
| é
| |
Vieg1 £0i4¢1 VSC ‘g |
DC Bus ‘ﬂ

Bus %
‘itg-1° 1T

VDCq

Fig. 3.1: Schematic diagram of a ‘q’ terminal PTP VSC-HVDC system

In Figure 3.2, the ‘q” VSCs are represented by ‘q’ fundamental frequency, positive
sequence voltage sources. The a® (1 < a < q) voltage source Vg, (not shown) is
connected to AC bus ‘(i+a-1)’ through the leakage impedance Zg,= Rgat+j Xgha Of

the a™ coupling transformer.

Now, let y, =1/Z, . Then, from Figure 3.2, the current through the a" (1<a< q

coupling transformer can be written as

Isha= ysha (Vsha - Vi+a-1) (3 1)
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where Vg, is the voltage phasor representing the output of the a™ VSC and is given
by Vgha = Viha £0i0a= M, € Vpca £ Oga, Where ‘m,” and ‘Vpe,’ are the modulation
index and the DC side voltage of the a” (1 <a< q) VSC, with ‘c’ being a constant
which depends on the type of converter [11], [12]. The a™ VSC is connected to the
AC terminal bus ‘(i+a-1)’ whose voltage is represented by the phasor

Vira1™ Viea1£ 01

V; 26, Vit 2041 DCBus ‘1’

. <4+—
Bus Lgh_l Rshliishl —I
‘i’ . —] +
Psnt1#jQsh1 IV
DCI

Vi+] LBH] VshZ LGShQ DC Bus 2’
By | Lz RenatjXsna

I
|
|
I
|
1 ] R
T PyatiQene (N H ? ”
|
|
|
|
|
|
|
|
|

IVD(‘,Z

Virg1 £0iq1 q DC Bus ‘a’
! ! e Vsthashq u U
Bus [ Lng RoaTXea e
. | —
‘itg-1° — L
| Pshq+JQshq

+
IVDCq

Fig. 3.2: Equivalent circuit of the ‘q’ terminal PTP VSC-HVDC system

Hence from Figure 3.2, the net current injection at the AC bus ‘(i+a-1)’ connected to

the a™ (1 £a<q) VSC can be written as

_[vold
Lt =[ Yoo nyran + ysha]Vi+a-1 + z Yi+a-k Vi = Ygpa Voha (3.2)
k=1 kzi+a-1

or, L, 1=Xk=1 Y ira-k Vi = Yna Vsha (3.3)
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old =Y()ld

—_ n
where, Y ira-tyita-t) ~Yiira1)0 T ket etivact Yiira-Dk and Y o 1yra-)=Y rat)irat) T Yha

are the self admittances of bus ‘(i+a-1)’ for the original ‘n’ bus AC system without

b

any VSC and with the a® VSC connected, respectively. ‘y(i raqyp accounts for the

shunt capacitances of all the transmission lines connected to bus ‘(i+a-1)’.

3.2.2 Power Flow Equations of Hybrid AC-MVDC system in the PTP

Configuration

With the a®™ (1 < a < q) VSC connected, the net injected active power at the

corresponding AC terminal bus ‘(i+a-1)’ can be written as

Pii=Re (Va1 Lo }

:Z Vitat ViY(ira-1k€0S [Oisa1- 0= iy i ]- Ma€ Vinca Vi, Ysha€08(Bisac1 -O5ha - 0,,) (3.4)
=

since V.= m,c Vpc,, as already discussed.

In a similar manner, the net injected reactive power at bus ‘(i+a-1)’ can be written as

n
Qi+a—1=Z Vi+a—1VkY(i+a—1)kSin[eHa—l - ek' ¢(i+a»l)k]_ m,C VDCaVHa_IYShaSin(eH-a-I - 6sha' ¢sha) (35)
k=1

Also, from Figure 3.2, the active and reactive power flows at the terminal end of the

line connecting the a™ VSC to AC bus ‘(ita-1)’ can be written as
* 2
Psha: Re [Vi+a-1 Isha] =m,C VDCaVHa_lysha COS(eHa_] - esha' (I)sha) _Vi+a-1y8ha cos ¢sha (36)

. 2 .
Qsha: m,C VDCaVi+a_1ysha snl(ei+a-1' esha' ¢sha) +Vi+a_1ysha Sin ¢sha (37)

91



From eqns. (3.6) and (3.7), the apparent power flow at the terminal end of the line

connecting the a™ VSC to AC bus ‘(i+a-1)’ can be calculated as

Ssha=Vi+a-1lsha= /Pszha + Qgha

=~ Ysha [Viia—l + mgCZV]%CaVia—a—l - 2ma c VDCaVi?-’i-a—l Cos(ei+a—1 - esha)] 1/2 (38)
The derivation of eqn. (3.8) is given in Appendix A.

Now, for the ‘q’ terminal DC system shown in Figure 3.2, the net current injection at

the u™ (1 <u < q) DC bus i.e. at the DC terminal of the u™ VSC, is given as

q
Ipcu = z Ypcuv Vbev 3.9)

v=1

1

where YDCuV = —m

, ‘Rpcuy’ being the DC link resistance between the DC buses
‘u”and ‘v’.
Now, from Figure 3.2, the active power delivered by the a™® (1<a<q)VSCatits AC

terminal can be written as Pycy, = Re(Vspa Igha ). In @ similar manner, the net power

injection at the a™ DC terminal is given by Ppca = Vpcalpca = Zf,l:l VbcaVbev Ybcav-
Now, for the a™ VSC, the converter losses [18], [92] are
Plossa = a1 + by [gha + ¢4 Itha (3.10)

Where, ‘a;’ indicates the VSC losses no load, ‘b;’ and ‘c;’ are constants
representative of the linear and quadratic dependency of the VSC losses on the
converter current magnitude (Ig,,), respectively. The derivation of the converter

current magnitude (Ig,,) is given in Appendix A.
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As already discussed earlier, for the master converter, the line active and reactive

powers are not specified. Hence, Eq. (3.10) can be written as

Scﬁl Scﬁl 2

sha sha

Possa =a; + by V. ] +¢ <V- 1> (3.11)
i+a— i+a—

where, S is the calculated value of apparent power.

For any slave converter, Eq. (3.10) can be written as

2
sp 2 sp 2 sp 2 sp 2
1Dsha + Qsha / l:)sha + Qsha
+cq

Vi+a—1 Vi+a—1

Possa = a1 + by

(3.12)

where, P3P and QL are the specified values of the active and reactive powers at the

terminal end of the line connecting the a™ VSC to the AC bus ‘(i+a-1)’ respectively.

Thus, from Fig. 3.2, for the a™ VSC,

q
Re(Vsha I;ha ) + z VDCaVDCVYDCav = _Plossa (3-13)
v=1

Substituting eqns. (3.1) and (3.9) in eqn. (3.13) and manipulating, we get,

q
(mac VDCa) 2 YShaCOS¢Sha — M,C VpcaVita-1Ysha COs(esha - ei+a—1 - ¢sha) + Z VbcaVpevYpcav + Plossa = 0

v=1

or,f;, =0 (3.14)
where, 1 <a<q.

Thus, ‘q” independent equations are obtained. The derivation of eqn. (3.14) are shown

in Appendix A.
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Again from Fig. 3.2, for the ‘q’ terminal VSC-HVDC system, there are one
master VSC and ‘(q-1)’ slave VSCs. The master VSC is used to control the voltage
magnitude of its AC terminal bus while the slave VSCs operate in the PQ or PV
control modes. The slave VSCs control the active and reactive power flows Py, and
Qqn {as given by eqns. (3.6) and (3.7), respectively} at the terminal end of the lines
connecting the VSCs to their respective AC system buses. Again, without loss of
generality, if the M(l<r< q) VSC is chosen to be the master VSC, the additional

equations obtained for the slave VSCs can be expressed as
PP =0 (3.15)

$-05=0 (.16)
Val<a<gq a#r

sp

In the above equations, Psslfa and Qg .

are the specified active and the reactive powers
respectively, in the line connecting the a™ slave VSC {l<a<gq,a#r} to its AC

terminal bus ‘(i+a-1)’ while PS3! and Q%L are their calculated values which can be

obtained using eqns. (3.6) and (3.7).
Thus, we get ‘(2q-2)’ independent equations corresponding to the ‘(q-1)’ slave VSCs.

Now, the master VSC ‘r’ controls the voltage magnitude at its AC terminal bus. Thus,

for the AC terminal bus corresponding to the a™ VSC, if V¥ is the bus voltage

ita-1
control reference and Vicf;_l is the calculated value of the voltage magnitude at bus

‘(i+a-1)’, this can be expressed as

Vi1~ Vifa=0 (3.17)
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Val<a<ga=r, {asthe M1<r< q) VSC is chosen to be the master VSC}.

It may be noted that a slave converter may be used to control the AC bus voltage

magnitude rather than the line reactive power, in which case eqn. (3.16) becomes
Vitar - Vit =0 (3.18)
Va, l<a<q,a#r.

Now, similar to the AC power flow, a slack bus is chosen for the DC power flow and
its voltage is pre specified. It serves the dual role of providing the DC voltage control
and balancing the active power exchange among the VSCs. From Fig. 3.2, in the ‘q’
terminal DC system, the first terminal is chosen as the DC slack bus, by convention.

This is represented as
Voor — V&, = (3.19)

At this stage, it is worthwhile to take stock of the unknown and the specified
quantities. Corresponding to each VSC, three new variables enter into the picture.
These include the modulation index ‘m’, the DC side voltage ‘Vpc’ and the phase
angle ‘0, of the AC side output voltage (phasor) of the VSC. Also, as discussed
earlier, the DC side voltage ‘Vpc;’ of the first VSC is chosen as the slack bus. Thus,
due to incorporation of the ‘q’ terminal VSC-HVDC network, ‘(3g-1)’ additional

variables need to be solved.

Against this, we have ‘q’ independent equations corresponding to the function ‘f}’
{eqn. (3.14)} along with ‘(2q-2)’ independent equations for the line active and
reactive powers {eqns. (3.6) and (3.7)} corresponding to the ‘(q-1)’ slave VSCs. This

gives as (3g-2) independent equations. Now as the master VSC ‘r’ controls the
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voltage magnitude of its AC terminal bus, the net reactive power injection at that bus

is available as a specified quantity. This can be expressed as

Qiract — Qa1 = (3.20)

V a, 1 < a<q,a=r. This completes the formulation.

3.2.3 Modeling of Hybrid AC-MVDC Systems in the BTB

Configuration

Figure 3.3 shows the AC-MVDC network shown in Fig. 3.1, now connected in the

BTB configuration. The equivalent circuit of Figure 3.3 is shown in Figure 3.4.

V; 26; VSC ‘1’

Bus 3¢ ‘%}
i 3¢ + Voo -
Vis1 £0i1 VSC 2 ‘I I‘
9
Bus ‘ 3 {_
4+1° ‘%} — 9

I

I

I

|
1+q 1 Leﬁrq 1 VSC ¢qa

ng}

Fig. 3.3: Schematic diagram of a ‘q’ terminal BTB VSC-HVDC system
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Fig. 3.4: Equivalent circuit of a ‘q’ terminal BTB VSC-HVDC system
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3.2.4 Power Flow Equations of Integrated AC-MVDC systems in the

BTB Configuration

The equations for the AC-MVDC system with the VSC-HVDC network connected in
the BTB configuration would be similar to those in Section 3.2.2, except some minor

modifications. These are elaborated below.

It may be noted that in the BTB configuration of Fig. 3.3, the DC side voltage ‘Vp¢’ is
common to all the ‘q” VSCs. Thus, Vpca =Vpe V a, 1 <a < q. As a consequence,
eqns. (3.6) and (3.7) are retained with appropriate modifications (‘Vpc,’ replaced by
‘Vpc’)- However, as the DC network is now rendered lossless, the ‘q’ independent
equations represented by eqn. (3.14) are now replaced by a single independent

equation as shown below.
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From Fig. 3.3 and 3.4, it can be observed that,

q q
z Re(Vgha l;ha )+ z Possa =0 (3.21)
a=1 a=1

Substituting eqns. (3.1) and (3.9) in eqn. (3.21) and manipulating, we get,
q
Z[(mac VDC) 2 yshacosq)sha — myC VDCVi+a—1ySha Cos(esha - ei+a—1 - ¢sha) + Plossa] =0
a=1
f;=0 (3.22)

Thus, we get a single independent equation.

It may also be noted that eqn. (3.22) will be retained, without any modification.
3.3 Implementation in Newton Power Flow Analysis

In this section, the unified and the sequential AC-DC power-flow algorithms are used
for solving the power-flow equations developed in section 3.2. The unified method is
implemented first for both the PTP and the BTB configurations, followed by the

sequential method.
3.3.1 Unified AC-DC Power Flow Method

This method deals with the simultaneous solution of the AC and DC variables. The
unified method is used to solve the AC-DC power-flow equations with the MVDC
system connected in the PTP and the BTB configurations. The PTP configuration is

discussed first.

3.3.1.1 Unified AC-DC Power-Flow Method for PTP Configuration
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In Fig. 3.1, without any loss of generality, if it is assumed that there are ‘g’
generators connected at the first ‘g’ buses of the ‘n’ bus AC system with bus 1 being
the slack bus, then the Newton power-flow equation for the AC power system
incorporated with the ‘q’ terminal VSC-HVDC network connected in the PTP

configuration can be written as
Solve: 8, V, X
Specified: P, Q, R

Where,

0 =[0;..00]T. V= [V . Vu]T, Bgp = [Ogps 0] » m = [my ..mg]"

T
Ve = [Vbcz - Vbeq] and X = 65, m" Vp]”
P=IP,.. Pn]T, Q= [Qg+1 Qn]T’ Psh = [Psnz, - Pshq], Qsh = [Qsh » - Qshq]’

f, = [fll ---flq] andR = [Psh: Qshs Vigr—1, fl]T

Thus the basic equation for the Newton power flow analysis is given below

oP OP 0P
AO
00 om dV,
lold aéh aQ aac AV AP
il A | = |aQ (3.23)
aﬂsh om OVDC Am AR

OoR OR OR a_R oR AVp
1d0 JV aﬂsh om OVDC_

In eqn. (3.23), Jo1q is the conventional load flow (without incorporating HVDC link)

Jacobian sub-block given as follows
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JoP 0P

_loe av
]old_aQ aQ
90 av.

Also, in eqn. (3.23), ‘AP’, ‘AQ’ and ‘AR’ represent the mismatch vectors. In addition,
AG, AV, ABg,, Am and AVp represent correction vectors. In the above formulation,
it is assumed that all the slave converters operate in the PQ control mode. However, it
may be noted that if they are made to operate in the PV control mode, the
corresponding elements of the correction and mismatch vectors have to be modified

accordingly. Some typical elements of eqn. (3.23) are given in Appendix A.

Fig 3.5 depicts the flow chart of the unified AC-MVDC Newton-Raphson power flow

algorithm with the MVDC network configured in the PTP fashion.
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Fig. 3.5: Flow Chart of the Unified NR AC-MVDC power-flow algorithm for the PTP
connection

3.3.1.2 Unified AC-DC Power-Flow Method for BTB Configuration

In Fig. 3.3, again, without any loss of generality, if it is assumed that there are ‘g’
generators connected at the first ‘g’ buses of the ‘n’ bus AC system with bus 1 being
the slack bus, then the Newton power-flow equation for the AC power system
network incorporated with the ‘q’ terminal HVDC network connected in the BTB

configuration can be written as
Solve: 8, V, X

Specified: P, Q, R
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Where,

0 =[0;...00]", V= [Vgr1 .. Val", Ogn = [0, . O51g] '+ m = [my ..mg]"
and X = [0], m"]T

P = [Pz Pn]T, Q= [Qg+1 Qn]T’ Pgp = [Pshz Pshq]a Qsh = [Qshz Qshq]a
and R = [ Pg, Qg Vigr—1 f1]T

Thus, the basic equation for the Newton power flow analysis is

ol qae
J = |aQ (3.24)
ABgy
AR
Am
P aP
[ 005 am]
Joa g a0, : : .
where, | = %0, om| S the Jacobian matrix. In eqn. (3.24), Joiq' is the
R 9R OR OR
30 oV 90y, om

conventional power flow Jacobian sub-block corresponding to the 'n' bus AC system.
Also, in eqn. (3.24), ‘AR’ is the vector comprising the mismatches of the control
specifications of the VSC-HVDC. In the above formulation, it is assumed that all the
slave converters operate in the PQ control mode. However, it may be noted that if
they are made to operate in the PV control mode, the corresponding elements of the

correction and mismatch vectors have to be modified accordingly.

Fig 3.6 depicts the flow chart of the unified AC-MVDC Newton-Raphson power flow

algorithm with the MVDC network configured in the BTB fashion.
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Fig. 3.6: Flow Chart of the Unified NR AC-MVDC power-flow algorithm for the BTB
connection

3.3.2 Sequential AC-DC Power Flow Method

In this method, the AC and the DC equations are solved separately. The sequential
method is used to solve the AC-DC power-flow equations with the MVDC system
connected in the PTP and the BTB configurations. The PTP configuration is discussed

below.

3.3.2.1 Sequential AC-DC Power-Flow Method for the PTP

Configuration

In the sequential method, the effect of the ‘q” VSCs represented as ‘q’ equivalent

loads on the secondary sides of the converter transformers. This is shown in Fig. 3.7.
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The secondaries of the ‘q’ converter transformers are shown connected to ‘q’
fictitious AC buses ‘j°, ‘(j+1)’, and so on, up to bus ‘(j+qg-1)’, as shown in the figure.
The effect of the ‘q” VSCs are represented as ‘q’ equivalent complex loads at these
fictitious AC buses j° to ‘(j+q-1)’. In this respect, it may be noted from Fig. 3.7 that
‘(g-1)" complex powers (‘Sgyy” t0 ‘Sepq’) are specified only in the terminal ends of the
lines connected to their AC terminal buses {buses ‘(it1)’ to ‘(i+q-1)’}. Let Sgpa =
Pga +jQg, (2 <a < q) be the complex power specified in the terminal end of the
line connected to the AC bus ‘(i+a-1)’ through the a® coupling transformer. Then,
from Fig. 3.7, the active component of the equivalent complex load power at the

fictitious AC bus ‘(j+a-1)’ {which represents the effect of the a™ VSC} can be

expressed as

Psp 2 + Qsp 2
' p h h
Pgha = Psha+Iszha Rsha=Pg, + (savz—sa> Rsha (3.25)
i+a-1

where P, is the specified active power in the terminal end of the line connected to

the AC bus “(i+a-1)’.

But from Fig. 3.2, the active power delivered by the a® (1 £a<q) VSC at its AC

terminal is
Psha’ = Re(Vsha I;ha )= mg o V]%Ca Ysha COS¢Sha' m,C VDCaVHa_l}Isha cos(esha'ei+a-1'¢sha) (326)

Substituting eqn. (3.25) in (3.26), we get

VZ

i+a-1

P+ Q.
2 2y72 sp sha sha _
m; C VDCa Ysha COS¢ - m,C VDCaVur 1 Ysha Cos(esha'ei+a-l'¢ ) - Psha - Rsha =0
sha ita-1 sha

or, f,, =0 (3.27)
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Fig. 3.7: Representation of VSCs as equivalent complex load powers

In a similar manner, the reactive component of the equivalent complex load power at
the fictitious AC bus ‘(j+a-1)’ {which represents the effect of the a™ VSC} can be

expressed as

psP?

+Q%.°
2 2vy2 ; : sp sha sha _
—mg € VDCa Ysha Sln‘bsha —muC VDCaVi+a_IYSha 51n(esha'9i+a-l'¢sha) - Qsha - V2 Xsha =0
i+a-1

or, f3, =0 (3.28)

Ifthe a™ (1 <a< q) VSC operates in the PV control mode, ‘Q_, " is not specified and

hence, eqn. (3.26) is modified to {using Eq. (A.8) of Appendix A}

’

Sp 2 —
1Dsha - Psha - IshaRsha =0
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or, m3 ¢ Vica Ysha €050~ MaC Vica Vi, Vina €08 (Oha-0ia.1-0.) — Pon
— [V ac1¥enatm3 ¢*Vica Yaha — 2MacVpcaViza—q €0S(Bi4a—t — Osna) IRgpa = 0
or, fu =0 (3.29)
AC Network Solution

Corresponding to Fig. 3.1, the Newton power-flow equation for the sequential

solution of the AC power system variables can be written as

Solve: 8, V, X

Specified: P, Q, R

Where,

0 =[0;..0,]7, V= [V . VulT, g = [Ogps 0] » m = [my..mg]"
and X = [0}, mT]T

P=[P,.. Pn]Ta Q = [Qg+1 - Qn]T,

f, = [foz ... f2q), f3 = [fa5 . f3q] and R = [ Viyy_y, £, £3,£14]"

Thus the basic Newton power flow equation is given below

oP 9P
005, Om|r Ag

lold 0 0 AP
Q 9Qpav)_ (3.30)
00, om|[A6a| " [,p

OR OR OR OR|LAm
90 9V 046, Ooml

In eqn. (3.30), Jo1q is the conventional load flow (without incorporating HVDC link)

Jacobian sub-block given as follows
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JoP 0P

_loe av
]old_aQ aQ
90 av.

Also, in eqn. (3.30), ‘AP’, ‘AQ’ and ‘AR’ represent the mismatch vectors. In addition,
A@, AV, ABg, and Am represent correction vectors. In the above formulation, it is
assumed that all the slave converters operate in the PQ control mode. However, it may
be noted that if they are made to operate in the PV control mode, the corresponding
elements of the correction and mismatch vectors have to be modified accordingly.

Some typical elements of eqn. (3.30) are given in Appendix A.
DC network solution

Again, corresponding to Fig. 3.1, the Newton power-flow equation for the sequential

solution of the DC variables of the ‘q’ bus MVDC system can be written as
Solve: Vpc

Specified: fg

Where,

Vbc = [Vbc - Vbeql and fs = [f15 ... fig]

Thus the basic Newton power flow equation is given below

ofs
Ve

| 1avoel = 12t (3.31)

Also, in eqn. (3.31), ‘Afgs’ is the mismatch vector whereas AVpc represents the
correction vector comprising the DC voltages of all DC buses except the DC slack

bus.
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Fig. 3.8: Flow Chart of the Sequential AC-MVDC power-flow algorithm for the PTP
connection

3.3.2.2 Sequential AC-DC Power-Flow Method for the BTB

Configuration
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In the BTB configuration, the converters are at the same location and interconnected
through a common DC link. Since this DC voltage is specified, the sequential method

is not applicable for such AC-DC networks.
3.4 Case Studies and Results

Several case studies were implemented to justify the results. For all successive
studies, a M-VSC-HVDC network was integrated in the IEEE 300-bus test system
[104]. The resistances and the leakage reactances of all the converter transformers
were taken as 0.001 p.u and 0.1 p.u respectively, for the case studies. For all the case
studies, the resistance of each DC link was chosen as 0.01 p.u. The converter loss
constants ‘a;’, ‘b;” and ‘c;” were selected as 0.011, 0.003 and 0.0043, respectively

[18], [95]. In addition, the value of ‘c’ for the VSC based converters was uniformly

adopted as % [100]. The initial values of variables corresponding to VSC based

HVDC system were shown in Appendix A. A convergence tolerance of 10 p.u. was
uniformly adopted for all the case studies. For all the case studies, ‘NI’ and ‘CT’
denote the number of iterations and the computational time in seconds {on a Intel®
Core(TM) 2 Duo CPU T6400, 2GHz, 2GB RAM processor} for the algorithm to

converge.

3.4.1 Studies with unified power-flow model of hybrid AC-MVDC

systems

Case I: Three-terminal MVDC network connected in the BTB configuration
In this study, a three-terminal BTB connected VSC-HVDC network is incorporated in
the IEEE-300 bus system between buses 266, 270 and 271. The VSC connected to bus

no. 266 is made to operate as the master converter. On the other hand, both the slave
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VSCs are connected to buses 270 and 271 and operate in the PQ control mode. The
specified values are given in columns 1-3 of Table 3.1. The power flow solution is
shown in columns 4-5 of Table 3.1. From Table 3.1, it is observed that the power flow
converges in six iterations, similar to the base case power flow (without any HVDC
network). Also, the power-flow solution directly yields the VSC modulation indices,
unlike existing models. The convergence characteristic plots for the power flows of
the base case and BTB VSC-HVDC system are shown in Fig. 3.9 and 3.10,
respectively. From Figures 3.9 and 3.10, it is observed that similar to the base case,
the proposed unified AC-DC Newton-Raphson algorithm also demonstrates quadratic

convergence.

The bus voltage profile for this study is shown in Fig. 3.11. From Fig. 3.11, it is
observed that the bus voltage profile hardly changes except for the AC terminal buses

at which the VSCs are installed.

Table 3.1

Study of IEEE 300 bus system with BTB VSC HVDC network

Power flow solution

. Base case power flow converged in six iterations (NI=6) with
HVDC link

c tion detail HVDC link CT=0.56 sec;
onnection detat’s Specifications V, = 1.0112 — 11.24; Vj = 1.0112 — 11.32;
Vi = 0.9982 — 17.67;
Master Slave HVDC variables

AC terminal buses

Converter | Converters

Master Converter

Master C ti
aseer L-onverter Vo = 104102 — 15.9687;

Vpc = 3;
VD_C 1.02: m; = 0.9815;
e (04 = .
Slave Converters Plossi (%) = 1.66;
Py = 0.5; V; = 1.02074£ — 11.3819; Slave Converters
. . shj -9, _ .
i jk Qupi = 0.2; Vi = 1.06892 — 10.3345; Venj = 1.0420£ — 8.6981;
o 03 0; = —11.4007; Ve = 1.07892 — 8.8489;
QShk o1 m; = 0.9824; m, = 1.0172;
shk = U.1;

Plossj (%) = 1.38;
Plossk (%) = 1.23;

NI=6; CT= 1.77,

Note: For the above case study, =266, j=270, k=271; Values of voltage magnitudes, active and reactive powers
are in p.u. Phase angles of voltages are in degrees.
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Variation of Error with Number of Iterations

Errorin p.u.

1 2 3 4 5 6
Number of iterations

Fig. 3.9: Convergence characteristic of the base case power flow in the IEEE-300 bus

system

Variation of Error with Number of Iterations

Error in p.u.

10y 2 3 4 5 6

Number of iterations

Fig. 3.10: Convergence characteristic for the study of Table 3.1
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Fig. 3.11: Bus voltage profile for the study of Table 3.1

Case II: Three-terminal MVDC network connected in the PTP configuration

In this case study, two separate studies are conducted with a three terminal, PTP
connected VSC-HVDC network incorporated in the IEEE-300 bus test system to
demonstrate the versatility of the proposed model. In both the studies, the VSC-

HVDC network is connected between AC buses 266, 270 and 271.

In the first study, the converter connected to AC bus no. ‘266’ acts as the
master converter while those connected to AC buses ‘270” and ‘271’ act as slave
converters. Both the slave converters operate in the PQ control mode. The master
converter maintains the voltage magnitude of AC bus no. 266 at a value of 1.02 p.u.

The active powers at the terminal end of the lines connecting the converters to the AC
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buses ‘270’ and ‘271 are specified as 0.7 and 0.5 p.u, respectively. In a similar
manner, the corresponding line reactive powers are specified as 0.2 and 0.06 p.u.,
respectively. These specified values are shown in the third row and columns 1-3 of
Table 3.2. The power flow solution is shown in the third row and columns 4-5 of

Table 3.2.

Subsequently a study is again conducted on the same AC-DC system but with
both the slave converters (connected to AC buses ‘270” and ‘271°) operated in the PV
control mode. Their terminal end line active powers are specified as 0.4 and 0.5 p.u,
respectively. The voltages of the AC buses ‘270’ and ‘271’ connected to the slave
converters are specified as 1.02 and 1.0 p.u, respectively. The specified quantities are
detailed in the fourth row and columns 1-3 of Table 3.2. The power flow results are
shown in the fourth row and columns 4-5 of Table 3.2.

From Table 3.2, it can be observed that for all the case studies, ‘NI’ is
identical to that in the base case. However, due to increase in the number of
unknowns involved, ‘CT’ increases than that in the base case. It is also observed that
‘NI’ is independent of the control strategies employed as well as the operating points

specified. This demonstrates the robustness of the proposed algorithm.

The convergence characteristic plots for both the studies of Table 3.2 are shown in
Figures 3.12 and 3.13, respectively. From Figures 3.12 and 3.13, again, it can be
observed that the proposed model possesses quadratic convergence characteristics,

similar to the base case power-flow.
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Variation of Error with Number of Iterations
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Fig. 3.12: Convergence characteristic for the first study of Table 3.2

Variation of Error with Number of Iterations

2
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Fig. 3.13: Convergence characteristic for the second study of Table 3.2
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Table 3.2

Study of IEEE 300 bus system with three terminal PTP VSC HVDC network

HVDC link

Power flow solution

Base case power flow converged in six iterations (NI=6)

with CT=0.56 sec;

Connection details HVDC link V; = 1.0112 — 11.24; Vj = 1.0112 — 11.32;
Specifications Vi = 0.9982 — 17.67;
Master Slave AC terminal buses HVDC variables
Converter | Converters
Master Converter
Veni = 1.05162 — 18.1648;
Master Converter m; = 0.9914;
VDCi — 3; PDCi = 123,
V, = 1.02; 0; = —11.4398; Plossi (%) = 2.15;
Slave Converters 0; = —11.3827; Slave Converters
' Pgyj = 0.7; 0y = —5.4606; Venj = 1.04342£ — 7.6254;
1 Js k Qshj - 02’ V] — 10209‘ Vshk = 1.05762 — 28837,
Pshk — 0.5, Vk — 10503‘. VDCj = 29978,' VDCk = 29981;
Qspic = 0.06; m; = 0.9844; my = 0.9977;
PDC] = —07158; PDCk = —05137,'
Piossj (%) = 1.53;
Plossic (%) = 1.34
NI=6; CT=1.75
Master Converter
Veni = 1.07812 — 16.3970;
m; = 1.0165;
Master Converter Ppci = 0.9273;
Vpei = 3; Piossi(%) = 1.93;
Vi =1.02; _ . Slave Converters
0; = —11.4236;
' Master Converter 0, = —11.4157; Vg = 1.02132 — 9.2151;
1 B k PShj =04 9]k = —5.0076: vshk =0.99752 — 2.1320;
Vi =1.02; ' Vpgj = 2.9985; Vpg = 2.9984;
Psnic = 0.5; m; = 0.9633; my, = 0.9410;
Vie=1; Pogj = —0.4130; Ppcy = —0.5138;
Plossj (%) = 1.28;
Plossk (%) = 1.36;
NI=6; CT=1.88;

Note: For the above case study, i=266, j=270, k=271; Values of voltage magnitudes, active and reactive powers

are in p.u. Phase angles of voltages are in degrees.

The bus voltage profiles for the first and second studies of Table 3.2 are

shown in Figures 3.14 and 3.15, respectively. From Figures 3.14 and 3.15, it is

observed that the bus voltage profile hardly changes except for the AC terminal buses

at which the VSCs are installed.
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Fig. 3.14: Bus voltage profile for the first study of Table 3.2
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Fig. 3.15: Bus voltage profile for the second study of Table 3.2
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Case III: Four terminal MVDC network connected in the PTP configuration

In this case study, a four-terminal VSC-HVDC network is incorporated in the IEEE
300-bus system between buses 266, 270, 271 and 272. The VSC connected to AC bus
no. 266 acts as the master converter while the VSCs connected to AC buses 270, 271
and 272 act as slave converters. The master converter maintains the bus voltage
magnitude of the AC bus 266 to a value of 1.02 p.u. All the slave converters operate
in the PQ control mode. The specified quantities are shown in the third row and

columns 1-3 of Table 3.3. The power flow solution is shown in columns 4-5 of Table

3.3.
Table 3.3
Study of IEEE 300 bus system with four terminal VSC HVDC network
Power flow solution
. Base case power flow converged in six iterations (NI=6)
c(,i:iiifg:{aﬂs HVDC link with CT=0.56 sec;
. . V; = 1.0112 — 11.24; V;=1.0112 - 11.32;
Specifications
Vi = 0.9982 — 17.67; V; = 0.9812 — 19.46;
Master Slave AC terminal HVDC variables
Converter Converters buses
Master Converter
Vsni = 1.05992 — 17.6502;
Master Converter m; = 0.9993;
Vpci = 3; Ppci = 1.139; Pjossi(%) = 2.07;
v, = 1.02; 8; = —11.4658; Slave Converters
Slave Converters B; = —11.4428; Vsnj = 1.03182 — 8.7264;
Pgpj = 0.5; 8 = —3.1223; Vink = 1.064724 — 1.0918;
. ikl Qsnj = 0.1; B, = —2.8498; Vsm = 1.06032 —1.8290;
, K, Papic = 0.4; V] =1.0204; m; = 0.9733; my, = 1.0043;
Qshk = 0.05; Vi = 1.0590; m; = 1.0001; Vpg; = 2.9986;
Psn1 = 0.2; V; = 1.0571; Vpck = 2.9987; Vpc = 2.9989;
Qsn1 = 0.03; Ppgj = —0.5138; Ppcy = —0.4128;
Ppa = —0.2118;
Piossj(%) = 1.36; Plossk(%) = 1.28;
Plossi (%) = 1.17;
NI=6; CT=1.77,

Note: For the above study, i=266, j=270, k=271 and 1=272 Values of voltage magnitudes, active and reactive

powers are in p.u. Phase angles of voltages are in degrees.
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The convergence characteristic of this case study is shown in Fig. 3.16. From Fig.
3.16, it can be observed that the proposed algorithm demonstrates a quadratic
convergence characteristic, similar to the base case power-flow. Although ‘CT’
increases than that in the base case due to an increase in the number of the unknowns,
‘NI’ remains same. The bus voltage profile for the above study is shown in Fig. 3.17.
From Fig. 3.17, it is observed that the bus voltage profile does not change much

except the AC terminal buses at which the converters are connected.

Variation of Error with Number of Iterations

10’ }
=
=
S10° |
o

| 0-107
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Number of iterations

Fig. 3.16: Convergence characteristic for the study of Table 3.3
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Fig. 3.17: Bus voltage profile for the study of Table 3.3

Case IV: Five terminal MVDC network connected in the PTP configuration

In this case study, a five terminal VSC-HVDC network is incorporated in the test
system between buses 266, 270, 271, 272 and 273. The converter connected to bus no.
266 acts as the master converter while the converters connected to buses 270, 271,
272 and 273 act as slave converters. The master converter controls the voltage
magnitude of AC bus no. 266 to a value of 1.02 p.u. The slave converters connected
to buses 272 and 273 operate in the PV control mode while those connected to buses
270 and 271 operate in the PQ control mode. The specified quantities are shown in the
third row and columns 1-3 of Table 3.4. The power flow solution is shown in columns
4-5 of Table 3.4. The convergence characteristic for this study is shown in Fig. 3.18.
From Fig. 3.18, it is again observed that the proposed model retains the quadratic

convergence characteristics of the unified AC-DC Newton-Raphson algorithm. It is
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also observed that even though ‘CT’ increases than that of the four-terminal AC-

MVDC system of Table 3.3, ‘NI’ remains independent of the size of the MVDC

network, the control strategies employed and the quantities specified (operating

point). The bus voltage profile for the study of Table 3.4 is shown in Fig. 3.19. From

Fig. 3.19, it is again observed that the bus voltage profile does not change much

except the AC terminal buses at which the converters are connected.

Table 3.4

Study of IEEE 300 bus system with five terminal VSC HVDC network

Power flow solution

Base case power flow converged in six iterations (NI=6)

with CT=0.56 sec;

HVDC link HVDC link V= 1.0112 — 11.24; V; = 1.0112 — 11.32;
specifications Vi, = 0.9982 — 17.67;
V, = 0.9812 — 19.46; V,, = 1.006£ — 17.47;
Master Slave AC terminal HVDC variables
Converter | Converters buses
Master Converter
Vepi = 1.06162 — 17.7394;
Master m; = 1.0158;
Converter Poci = 1.1497; Possi(%) = 2.09;
Vbei = 3; Slave Converters
Vi =102 | 6 Vo = 1.04092 — 9.9176;
Slave = ~11.5055; Ve = 1.01392 — 4.0466;
Converters | 6 Ve = 0.98312 — 1.7564;
Papj = 0.3; | = —11.5252; Venm = 1.00902 — 4.8358;
i Pllmo V=099 | 8= 51646y 59989; Ve, = 2.9988;
Pac = 0.2; | 61 = =3.5273; Voo = 2.9989; Vpem = 2.9988;
Vm = 1.0L; | Om _ m; = 0.9722; m,, = 0.9545;
l:l:shl =_0033 ‘;;61'%22?)66'_ m; = 0.9285; m,, = 0.9527;
shm == M2 L ’ Ppej = —0.3127; Ppgi = —0.2118;
Qenj = 0.2; | Vi = 1.0085; b 03125
Qshic = 0.05; el R

Ppem = —0.3124; Pioeq (%) = 1.26;
Possk(%) = 1.18; Posq1 (%) = 1.24;
Plossm (%) = 1.23;

NI=6; CT= 2.33;

Note: For the above study, i=266, j=270, k=271, 1=272 and m=273; Values of voltage magnitudes, active
and reactive powers are in p.u. Phase angles of voltages are in degrees.
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Fig. 3.18: Convergence characteristic for the study of Table 3.4
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Fig. 3.19: Bus voltage profile for the study of Table 3.4

From Tables 3.1, 3.2, 3.3 and 3.4, it is observed that ‘CT’ increases slightly with

increase in the number of DC terminals due to an increase in the number of unknowns.

121

300

300

300



However, ‘NI’ remains identical to the base case, which shows the robustness of the
proposed algorithm. The proposed algorithm is able to accommodate diverse VSC
control strategies and operating point specifications. This shows the versatility of the

model.

3.4.2 Studies with sequential power-flow model of hybrid AC-MVDC
systems

Case I: Three terminal MVDC network connected in the PTP configuration

In this case study, again two separate, sequential power-flow studies are conducted
with a three terminal, PTP connected VSC-HVDC network incorporated in the IEEE-
300 bus test system to demonstrate the versatility of the proposed model. In both the
studies, the VSC-HVDC network is connected between AC buses 266, 270 and 271.
The specified quantities for these studies are identical to those in the case study shown
in Table 3.2 and are detailed in rows 3-4 and columns 1-3 of Table 3.5. Rows 3 and 4
correspond to the ‘PQ’ and ‘PV’ control modes of the slave VSCs, respectively. The
corresponding power flow solutions are shown in row 3 and row 4 (columns 4-5) of

Table 3.5, respectively.

From Table 3.5, it can be observed that for both the studies, ‘NI’ and CT are increased
than that of the studies of Table 3.2 carried out using the unified AC-DC Newton-
Raphson algorithm. The convergence characteristic plots (variation of mismatch error
in p.u. with number of iterations) for first and second studies of Table 3.5 are shown
in Figures 3.20 and 3.21, respectively. From Figures 3.20 and 3.21, it can be
observed that the quadratic convergence characteristics of the Newton-Raphson
method are lost due to the adoption of the sequential Newton-Raphson power-flow
algorithm. The values of both ‘NI’ and ‘CT’ have increased than those of Table 3.2.
Also, the values of ‘NI’ are dependent on the VSC control strategy employed.
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The bus voltage profiles for the first and second studies of Table 3.5 are shown in

Figures 3.22 and 3.23, respectively. From Figures 3.22 and 3.23, it is observed that the

bus voltage profile hardly changes except for the AC terminal buses at which the VSCs

are connected.

Table 3.5

Study of IEEE 300 bus system with three terminal VSC HVDC network

HVDC link

Power flow solution

Base case power flow converged in six iterations (NI=6)

: with CT=0.56 sec;
Connection details ngzfal:;is V, = 1.0112 — 11.24; V, = 1.0112 — 11.32;
Vi =0.9982 — 17.67;
Master Slave AC terminal HVDC variables
Converter | Converters buses
Master Converter
Master Converter Vg, = 1.05162 — 18.1648; m; = 0.9914;
Vbei = 3; Poci = 1.2303; Possi (%) = 2.15;
Vi =1.02; 9; = —11.4398; Slave Converters
9, = —11.3827; Vonj = 1.04342£ — 7.6254;
Slave Converters le 54606 Vi = 105762 — 2.8837;
! Bk Fonj = 073 v, = 1.0209; Vigj = 2.9978; Vpgy = 2.9981;
Qony = 0.2; Vi = 1.0503; m; = 0.9844; m, = 0.9977;
PShk_= 0'5;_ Pogj = —0.7158; Ppg = —0.5137;
Qe = 0.06 l:)lcssj (%) = 1.53;
Piossic (%) = 1.34;
NI=11; CT=2.05;
Master Converter
Master Converter Veni = 1.07812 — 16.397;
Vpci = 3; m; = 1.0165;
V; = 1.02; Ppci = 0.9273; Pogsi (%) = 1.9251;
0, = —11.4236; Slave Converters
) Slave Converters | 6; = —11.4157; Venj = 1.02132£ — 9.2151;
! Bk Py = 0.4; 0, = —5.0076; Vanie = 0.99752 — 2.1320;
v, = 1.02; Vg = 2.9985; Vpey = 2.9984;
Py = 0.5; m; = 0.9633; my, = 0.9410;
Vik=1; Ppcj = —0.413; Ppci = —0.5138;
Plossj (%) = 1.28; Byss (%) = 1.36;
NI=10; CT=1.91;

Note: For the above case study, i=266, j=270, k=271; Values of voltage magnitudes, active and reactive powers are in
p-u. Phase angles of voltages are in degrees.
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Fig. 3.20: Convergence characteristic for the first study of Table 3.5
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Fig. 3.21: Convergence characteristic for the second study of Table 3.5
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Fig. 3.22: Bus voltage profile for the first study of Table 3.5
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Fig. 3.23: Bus voltage profile for the second study of Table 3.5
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Case II: Four terminal PTP configuration of VSC-HVDC system

In this case study, a four terminal VSC-HVDC network is incorporated in the IEEE
300-bus test system. The specified quantities are identical to those in columns 1-3 of
Table 3.3 and are again detailed in columns 1-3 of Table 3.6. The power flow solution
is shown in columns 4-5 of Table 3.6. The convergence characteristic corresponding
to this case study is shown in Fig. 3.24. Again, it is observed that the quadratic
convergence characteristic of the unified Newton-Raphson power-flow algorithm is
lost due to the adoption of the sequential power-flow method. The bus voltage profile
for this study is shown in Fig. 3.25. From Fig. 3.25, it can be observed that the bus
voltage profile does not change much except at the AC terminal buses to which the

converters are connected.

Table 3.6

Study of IEEE 300 bus system with four terminal VSC HVDC network

Power flow solution

Base case power flow converged in six iterations (NI=6) with

HVDC link: CT=0.56 sec;
Connection details HVDC link V; = 1.0112 — 11.24; V; = 10112 — 11.32;
Specifications Vi = 0.9982 — 17.67; V; = 0.9812 — 19.46;
Master Slave HVDC variables

AC terminal buses

Converter | Converters
Master Converter

Vbei = 35 Master Converter
Vi = 1.02; Vg = 1.05782 — 17.6597; m; = 0.9973;
Ppci = 1.139; Pyossi(%) = 2.06;
0; = —11.4650; Slave Converters
Slave Converters 0 = ~11.4420; Vany = 1.03182 = 8.7256
Py = 0.5; 8, = —3.2183; Venk = 1.07382 — 1.2221;
. ikl Qups = 0.1; B = —2.9950; Vsn = 1.07484 — 2.0008;
> j ’ V; = 1.0204; m; = 0.9733; my = 1.0128;
Pshk_: 0.45;. v, = 1.0681; m; = 1.0137; Vp¢j = 2.9986;
Q;h“ ~ %'g_' V, = 1.0698; Vpek = 2.9987; Ve = 2.9989;
shl = & Ppcj = —0.5138; Ppg = —0.4129;
Qsni = 0.05;

Ppc = —0.2118; Plossj(%) = 1.36;
Piossk(%0) = 1.27; Plosq1 (%) = 1.17;

NI=11; CT=2.04;

Note: For the above study, i=266, j=270, k=271 and 1=272; Values of voltage magnitudes, active and reactive powers
are in p.u. Phase angles of voltages are in degrees.
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Fig. 3.24: Convergence characteristic for the study of Table 3.6
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Fig. 3.25: Bus voltage profile for the study of Table 3.6
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Case III: Five terminal MVDC network connected in the PTP configuration

This case study is similar to that of the case study of the five terminal MVDC network
of Table 3.4. The specified quantities for the sequential power-flow are identical to
those in columns 1-3 of Table 3.4 and are detailed again in columns 1-3 of Table 3.7.
The power flow solution is shown in row 3 and columns 4-5 of Table 3.7. The
convergence characteristic for this case study is shown in Fig. 3.26. From Fig. 3.26, it
can again be observed that the quadratic convergence of the unified Newton-Raphson
algorithm is lost due to the adoption of the sequential power-flow method employed
in this case. The bus voltage profile for the study of Table 3.7 is shown in Fig. 3.27.
From Fig. 3.27, it is again observed that the bus voltage profile does not change much

except at the AC terminal buses to which the converters are connected.

Table 3.7
Study of IEEE 300 bus system with five terminal VSC HVDC network

Power flow solution

HVDC link Base case power flow converged in six iterations (NI=6) with
specifications CT=0.56 sec;
V; =1.0112 — 11.24; V; =1.0112 — 11.32;
Vi = 0.9982 — 17.67; V; = 0.9812 — 19.46;
Vi = 1.0062 — 17.47;

HVDC link

Master Slave . HVDC variables
AC terminal buses
Converter Converters | Master Converter

Vbei = 3; Master Converter
V; = 1.02; Veni = 1.06162 — 17.7394;
m; = 1.008;

Poci = 1.1497; Piossi (%) = 2.09;

Slave Converters
Venj = 1.04092 — 9.9176;

8; = —11.5055;
Slave Converters 9‘ 115252 Venie = 1.01392 — 4.0466;
Py = 0.3; 1 ) ’ Vgn = 098312 — 1.7564;
ik Lm Vi = 0.99; 2k = :;’;26;‘36 Vopm = 1.00902 — 4.8358;
i Pshk =0.2; 0 1 __ _6 5236‘ VDCj = 2'999;VDCk = 2.9991;
V,, = 1.01; ““, ~ L 0'206_ ’ Vpal = 2.999; Vpem = 2.999;
Pgn = 0.3; e ’ m; = 0.9817; my = 0.9562;
shl ’ v, = 1.0085; ] ¢
Pshm = 0.3; k= SRR m; = 0.9272; m,, = 0.9516;
Qspy = 0.2 Ppgj = —0.3127; Ppgi = —0.2118;
Qshik = 0.05; Ppc = —0.3125; Py = —0.3124;

Plossj (%) = 1.26; Plossk(%) = 1.18;
Pioss1(%) = 1.24; Pyogsm (%) = 1.23;

NI=11; CT=2.16;

Note: For the above study, i=266, j=270, k=271, 1=272 and m=273; Values of voltage magnitudes, active and
reactive powers are in p.u. Phase angles of voltages are in degrees.
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Fig. 3.26: Convergence characteristic for the study of Table 3.7
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Fig. 3.27: Bus voltage profile for the study of Table 3.7

Case IV: Five terminal MVDC network connected in the PTP configuration
This case study is carried out on the five terminal MVDC network of Table 3.7 to

investigate the effect of the operating conditions on the convergence characteristics of
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both the unified and the sequential Newton AC-DC power-flow algorithms. The
specified value of the active power-flow ‘Pg,3” in line 3 is gradually increased and its
effect on ‘NI’ is investigated. All the other electrical quantities are maintained
constant at their respective values as detailed in Tables 3.4 and 3.7. The results are

shown in Table 3.8.

From Table 3.8, it is observed that ‘NI’ with the unified AC-DC power-flow
algorithm is independent of the variation of ‘P, ’. However, for the sequential AC-

DC power-flow algorithm, ‘NI’ gradually increases with increasing values of ‘Pg, 3 .

From Tables 3.5, 3.6 and 3.7, it can be observed that with the sequential AC-DC
power-flow algorithm, the values of both ‘CT’ and ‘NI’ are increased than those of
the corresponding case studies employing the unified AC-DC power-flow algorithm
(Tables 3.2, 3.3 and 3.4, respectively). From Tables 3.5 and 3.8, it is also observed
that ‘NI’ is dependent on both the VSC control strategy employed and the operating

point specifications.

Table 3.8

A comparison of the convergence characteristics of the unified and the sequential
AC-DC power-flow algorithms

Variation of ‘NI’ with varying values of ‘Ps}3’
Algorithm Pens (p-w)
employed 02 0.25 0.3 0.35 0.4
Unified 6 6 6 6 6
Sequential 11 12 12 13 14
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A comparison of the convergence features of the proposed model vis-a-vis existing

models in the literature is shown in Table 3.9.

Table 3.9
A comparison of convergence features with existing models

Ref Tol No. of buses in the
¢ Ezence 0( erar)lce system NI CT (in seconds)
. RN
P AC DC
Min: 3; Max: 15
) ; . Min: 0.37 (for weak wind)
8
[82] 10 29 5 (depending on \'Nlnd Masx: 1.99 (for strong wind)
power generation)
9 4 6 0.2
78 10
78] 32 4 7 0.45
Proposed 10°1° 300 | NIL (Base) 6 0.56
model
BTB 6 1.77
3 6 PQ control PV control
Unified 1010 300 1.75 1.88
6 1.77
5 6 233
PQ PV PQ control PV control
3 control control
Sequential 10710 300 11 10 2.05 1.91
11 2.04
5 11 2.16

3.5 Conclusions

In this chapter, both unified and sequential Newton Power-Flow models of hybrid
AC-DC systems have been developed. Unlike existing models, the modulation indices
of the VSCs can be expressed as unknowns in both the models. Both the algorithms
are implemented by employing diverse control strategies in different topologies of
multi-terminal DC networks incorporated in the IEEE 300-bus test system. It is
observed that the unified method possesses the quadratic convergence characteristics
as in the base case power-flow. Further, the number of iterations taken by the unified
Newton-Raphson Power-Flow algorithm for convergence is independent of the

MTDC topology, the MTDC control strategies employed and the operating point
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specifications. On the other hand, the quadratic convergence characteristics of the
Newton-Raphson method is lost if the sequential AC-DC power-flow algorithm is
adopted. Also, the number of iterations taken by the unified Newton Power-Flow
algorithm for convergence is dependent on both the operating point specifications and

the MTDC control strategies employed.
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Chapter 4

Newton Power Flow Modeling of Voltage Source
Converter (VSC) Based Hybrid AC-DC Systems
Employing DC Voltage Droop Control

4.1 Introduction

The Newton power-flow modeling of voltage sourced converter-based hybrid AC-DC
systems employing DC slack bus control (also known as master-slave control) was
presented in Chapter 3. As already discussed in Chapter 3, the main disadvantage of
this control scheme is the DC grid instability following a failure of the master
converter. This problem can be tackled by ensuring that individual converters take
part in the DC voltage regulation scheme by adjusting their active power flow in
response to changes in the DC voltage with the operating point, known as DC voltage
droop control [12], [20]. For MTDC systems, different types of DC voltage droop
control have been envisaged to ensure proper sharing based on the converter ratings.
These include Voltage Margin (VM) control, Voltage-Power (V-P) droop, Voltage-
Current (V-I) droop and Voltage-Power (V-P) droop with Dead-Band (DB) [12], [24],
[31], [37].

For planning, operation and control of hybrid AC-MVDC systems employing
DC voltage droop control, their power flow solution is an essential requirement. In
this respect, [81]-[84] present some comprehensive research works on the
development of efficient Newton power-flow algorithms of hybrid AC-MVDC
systems employing DC voltage droop control.

However, the above research works do not address the following issues:
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[1] Development of a unified Newton power-flow model of hybrid AC-MVDC
systems employing DC voltage droop control. In this respect, [81] and [82] have
presented sequential Newton power-flow models of hybrid AC-MVDC systems
incorporating DC voltage droop control. However, the quadratic convergence
characteristic of the unified AC/DC Newton-Raphson algorithm is lost in [81] and
[82] due to the adoption of the sequential AC-DC power-flow algorithm,.

[2] The VSC modulation index ‘m’ has not been considered as an unknown in any of
the above models. For VSC applications, ‘m’ is a crucial parameter. Typically,
0 <m < 1. Some of the factors that put a cap on the lower and upper bounds of
‘m’ have been reported in [11].

This chapter presents a generalized approach to both the unified and the
sequential Newton power-flow modeling of hybrid AC-MVDC grids employing DC
voltage droop control. Unlike most of the research works published in this area, in the
proposed model, ‘m’ is considered as an unknown and can be obtained directly from

the power-flow solution. The proposed work also includes the converter losses.

4.2 Modeling of Hybrid AC-MVDC Systems Employing DC Voltage

Droop Control

For modeling of hybrid AC-MVDC systems employing DC voltage droop
control, the generalized AC-DC network shown in Fig. 3.1 (Chapter 3) comprising a
‘n” bus AC power system network integrated with a MVDC grid using ‘q” VSCs and
their respective converter transformers, is again considered and is shown in Fig. 4.1
below. The assumptions adopted for the modeling are also identical to those in
Chapter 3. As shown in Fig. 4.1, the AC buses connected to the ‘q’” VSCs are

(5] 3
1

numbered as ‘i’, ‘(i+1)’, and so on, up to ‘(i+q-1)’, while the ‘q” VSCs are connected
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in the PTP configuration on their DC sides. The PTP connection is considered, being
more prevalent in practical HVDC installations over the world. Fig. 4.2 shows the
equivalent circuit of the network shown in Fig. 4.1 with q’ fundamental frequency,
positive sequence voltage sources pertaining to the ‘q> VSCs. Vg, represents the
voltage phasor pertaining to the a™ (1 < a < q) VSC. The a™ (1 < a < q) VSC is
connected to AC terminal bus ‘(i+a-1)" whose voltage is represented by the phasor

V.

1+:11-1:Vi+a\-14e

i+a-1°

From Fig. 4.2, the current in the link (not shown) connecting the a™ VSC and

its AC terminal bus is

Isha = YSha(Vsha - Vi+a—1) (4‘1)

where Vsha: Vsha s esha: m,C VDCa va eshaa Yia™ 1/Zsha ) Zsha = Rsha + szhaa Rsha and

sha
Xsha are the resistance and the leakage reactance of the a™ converter transformer,

respectively, ‘m,’ is the VSC modulation index and the constant ‘c’ is representative

of the VSC architecture [11].

As already detailed in Chapter 3 and from Figures 4.1 and 4.2, the net current

injection at the AC bus ‘(ita-1)’ connected to the a® (1 £ a < p) converter can be

written as I, 1 =Ypq Yira-1)k Vi~ YshaVsha (4.2)

. _ vyold
In the above equation, Yitan)ita1) = Y(°i +a-1)(i+a-1) T Ysha and

1d .
Yg rat)a1)= Yarano T Yko1 keisa1 Y(+anyk are the values of the self admittances
of bus ‘(i+a-1)’ with the a" VSC connected and in the original ‘n’ bus AC system

without any VSC, respectively. Similarly, Vi +a_1)0’ accounts for the shunt

capacitances of all the transmission lines connected to bus ‘(i+a-1)’.
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............ MN---—— -
RDC1q

Fig. 4.1: Schematic diagram of an integrated AC-MTDC system

Bus Bus Bus
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[] RshgtiXshg ========--- [] Rsh2+jXsh2 [] Rsh1+jXsh1
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[ W I BV
Roczq Rpc12
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Fig. 4.2: Equivalent circuit of Fig. 4.1
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4.3 Power Flow Equations of Hybrid AC-MVDC systems with DC

Voltage Droop Control

From Fig. 4.2, the net active and reactive power injections at the AC bus ‘(ita-1)’ are

n
Pi+a—1: Z Vi+a—1VkY(i+a—l)kcos [ei+a—l _ek_¢(i+a-1)k] -m,C VDCaVi+a—IYShaCOS(9i+a—l 'esha'(bsha) (43)
k=1

n
Qai™ Z Vira-1 VY +a-1kSIn [9i+a-1 OO l)k] -M,C Vpca Vita-1Ysha SIN(0i1a-1-O5na-0y,,) (4.4)
i1

Also, from Fig. 4.2, the active and reactive power flows at the terminal end of the line
connecting the a™ VSC to the AC bus ‘(i+a-1)’ are

Pga=Re [Vi+a-II:ha]: m,C Vpca Vita-1Ysha Cos(ei+a-l' esha'd)sha) - Viz-i-a—1YSha cos ¢sha (4.5)

and Qsha: m,C VDCaVi+a_1YSha Sin(ei+a.1 'esha' ¢sha) + Viz-kzjl—lysha sin ¢sha (4~6)

Also, from Fig. 4.2, by virtue of the power balance on the AC and DC sides of the a®

VSC,
q
Re(Vsha l:ha )+ Z VbcaVpevYpcav = —Plossa (4.7)

v=1

Substitution of eqn. (4.1) in eqn. (4.7) gives

q
(mac VDCa) 2 YShaCOSq)sha — m,C VDCaVi+a—1YSha Cos(esha - ei+a\—1 - d)sha) + Z VDCaVDCVYDCav

v=1

+ Piossa = 0

or,fj, =0 V 1<a<q (4.8)

Thus, for ‘q” VSCs, ‘q’ independent equations are obtained.
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In eqns. (4.7) and (4.8), Ypcay = — = : , where ‘Rpcay’ is the resistance of the DC

DCav

link between DC buses ‘a’ and ‘v’. Also, ‘Pyss4” represents the losses [18], [92] of the

a™ VSC as already detailed in Chapter 3 and is again given below.
Plossa = a1 + by Ina + ¢1 I, (4.9)
where ‘a;’, b; ©” and ‘c;’ are loss factors [18], [92] and
Isha = Ysha [V2 a1 + (MaCVpea) 2 = 2 Virass My € Vi, 05(Bisacs — Bsna)] /2 (4.10)
The derivation of eqn. (4.10) is given in Appendix A.

Now, in the AC-MTDC system (Fig. 4.2) with ‘q” VSCs, if it is assumed that the ™

<r<q 1s used for voltage control of its corresponding us, we have
(1 ) VSC is used for vol lof i ding AC b h
VP -VEl=0 Va I<a<gq, a=r (4.11)

Also, not more than ‘(q-1)’ line active and reactive power flows {eqn. (4.5) and (4.6)}

can be specified, which give us ‘(2q-2)’ independent equations given as

P -PS=0 (4.12)
P -Qi=0 (4.13)

Val<a<gq a#r.
Instead of PQ control mode, if a VSC operates in the PV one, eqn. (4.13) changes to
VP -VEL =0  Va, I<a<gq a#r (4.14)

Further, the net reactive power injection at AC bus ‘(i+r-1)’ can be specified as its

voltage is controlled by the '™ VSC. Thus, we get
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QP Q@ =0 Vva l<as<gq, a=r (4.15)

In egns. (4.11)-(4.15), VI* Q% . PP and Q%P  are specified values while V!

i+a-1° i+a—1° “sha sha i+ta-1°

Qfal ., P& and Q%2L are calculated values {using eqns. (4.4), (4.5) and (4.6)}.
4.4 DC Voltage droop control in MVDC Systems

In DC voltage droop control [12], [20], [24]-[31], [37], multiple converters
participate in the DC voltage control scheme. Droop control comprises both linear and
nonlinear voltage droop characteristics. Among the linear ones, Voltage-Power (V-P)
and Voltage-Current (V-I) droops have been the two most popular and widely used
strategies for DC voltage droop control. Nonlinear voltage droop control
characteristics include dead-bands and limits. Among the nonlinear ones, Voltage
Margin, V-P droop with power Dead-Band and V-P droop with voltage limits are

some of the more widely used characteristics. Some of these are elaborated below.

1. Voltage-Power (V-P) Droop

If the a™ VSC follows a linear V-P droop characteristic, its rectifying power can be

expressed as

Ppca = Ra(V]:*)Ca - VDCa) + P]§Ca (4'16)

where ‘Vpc,” and ‘Ppc,” represent the DC voltage and power references of its droop

characteristics and ‘R’ is the droop control gain.

2. Voltage-Current (V-I) Droop

If the a™ VSC follows a linear V-I droop characteristic; the net DC current injection at

its terminal can be expressed as
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Ipca = Ra(VI;Ca - VDCa) + Il*)Ca (4'17)

] B

where ‘Ipc,” and ‘Vpc,” are the DC current and voltage references of its droop line

and ‘R’ is the droop control gain.
Thus, the rectifying power of the VSC can be expressed as
Poca = Vpca [Ra(VHea — Vbea) + Ipcal (4.18)

Fig. 4.3 depicts the linear V-P and V-I droop characteristics for any arbitrary VSC ‘a’.

Vbca
A

\:K VDCa*
: Slope = -1/R,
: \
|
|

Poca, lpca Poca, lbca
! >

Inverter Rectifier
Fig. 4.3: Linear Voltage Droop Characteristic of the a™ VSC
Computation of V¢, and ‘Ppc,’

The values of the DC voltage and power references ‘Vpc,’, ‘Ppca’ and ‘Ipca’
in eqns. 4.16 - 4.18 for all the ‘q’ converters are either pre specified or obtained from
a DC power-flow. While carrying out the DC power-flow, if DC slack bus control is
assumed, then, by convention, the voltage ‘Vpc,’ (of DC terminal 1) is specified and
it does not operate on droop control. This problem can be circumvented if the average
voltage of all the ‘q” DC terminals ‘Vpc,,’ is specified instead of “Vpc,’ [82]. In that

case, the DC power-flow equations are
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Solve Vpc specified Ppc and Vpcay

* * % T * % % T
where Vo = [Vbe - Vpeql » Poc = [Pocz - Pocq]

Subsequently, Py and ‘Ipc,’ (1 <a <q) can be computed.

3. Voltage-Power (V-P) Droop with dead-band

In practical DC grids, the droop characteristics can be a combination of multiple
linear or nonlinear functions of the DC voltage. Fig. 4.4 shows the voltage droop
characteristics with dead-band and voltage limits. If the a™ VSC follows a nonlinear
droop characteristic as shown in Fig. 4.4, the converters operate in constant power
control mode when DC voltage is maintained between ‘Vpcanhigh’ @nd “Vpcajow -
When the DC voltage lies outside the dead-band zone, the DC terminal follows the
linear V-P characteristic. Again, beyond a threshold DC voltage, the droop control
gain increases (R, max) to maintain the DC voltage within an acceptable limit for the

stability of the DC grid.
The composite droop characteristic is shown in Fig. 4.4 and can be expressed as

Poca = Ramax(Vocamax — Voca) + [Ra (Vica high — VDca max) + Pocal for Vpca = Vpcamax (4.19)

= Ra (VI;Ca high — VDCa) + pI;Cal for VI;Cal high < VDCa < VDCa max (4-20)
= 0. (VI;Ca high — VDCa) + p];Ca for V];Ca low < VDCa =< VI;Cal high (4-21)
= Ra (V];Ca low — VDCa) + l:‘SCa for VI;Ca min < VDCa < V];Ca low (4-22)

= Ra max(vDCa min — VDCa) + [Ra (Vl;Calow - vDCa min) + PSCa] for VDCa < VDCa min (4-23)
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In this scheme, the droop control gains can be specified according to the rating of the

converters to share the additional power.

Vbea

A
A== Ra max

VDCn max

®
VDCn high

1Vbcatow R,

PDC:A min
[]

Inverter Rectifier

Fig. 4.4: Nonlinear Voltage Droop Characteristic of the a™ VSC

4. DC voltage margin control
In this mode of DC voltage control, each VSC regulates the DC voltage as long as its
DC power is within the minimum and maximum power limits and the reference DC
voltages of the different VSCs are offset from one another by a voltage margin [82].

The V-P characteristic corresponding to this scheme is shown in Fig. 4.5.

VDC a
A
A% *

—_—— e —— e —_— — — — = DCa ref

|

|

|

*
PDCZI min 1:'DCa ref P

1 1 DCa maé PDCa

Inverter Rectifier

Fig. 4.5: Voltage Margin Characteristic of the a™ vVSC
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4.5 MODELING OF AC-MTDC SYSTEMS WITH DC VOLTAGE DROOP

CONTROL

Let us assume now that all the ‘q” VSCs in the AC-MTDC system shown in Fig. 4.1
operate on droop control. To simplify matters, let all the ‘q” VSCs follow linear V-P

droops. Then, for the a™ vSC (1 £a<q), from eqns. (4.16), we have
Poca = Vbcalbca = Zy=1 VpcaVpevYpcav = Ra (Voca — Vbca) + Poca
or, Y1 VpcaVpevYpcav + RaVbca — RaVica — Poca = 0 (4.24)
or,f, =0 Va 1<ac<q (4.25)
eqn. (4.25) represents ‘q’ independent equations.

As already mentioned earlier in Section 4.4, in eqn. (4.24), the values of the DC
voltage and power references ‘Vpc,’ and ‘Pyc,’ for all the ‘q’ converters are either pre
specified or obtained from a DC power-flow. Now, two distinctly different models
can be realized depending on whether the values of ‘Vj¢,” and ‘Pj¢,’ are specified or

not. These are elaborated below.

Model ‘A’: Values of Vjc, ' and ‘Ppc, are known apriori

In some models [82], the values of ‘Vjj,” and ‘P3¢, for all the ‘q” converters are pre-
specified or obtained by carrying out a DC power-flow. In such cases, the ‘q’
independent droop equations represented by eqn. (4.24) are sufficient to compute the
values of the DC bus voltages ‘Vpc,’ directly, and subsequently, the DC bus power
injections ‘Ppc,’(1 £a<q). Once ‘Ppc,’ are known, for the AC-MTDC power-flow,
the active powers ‘Pgy.’ {eqn. (4.5)} in the lines joining the ‘(q-1)’ VSCs to their

corresponding AC buses cannot be specified, as this would be tantamount to knowing
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the losses in the converter transformers and the VSC, prior to the power-flow. This is
detailed in Fig. 4.6. This is not in line with practical considerations which are targeted

to maintain a specified ‘Pg,,’. This is a major drawback of the model.

sha + JQsha VSC-a PDCa
1+a 1’ ‘ ; g e \
|+a 1405421 ‘ﬂ + DC Bus
IVDCa

Fig. 4.6: Power flows for the a™ VSC connected to its AC bus ‘(ita-1)’

Now, under the assumption that there are ‘g’ generators connected at the first
g’ buses of the ‘n’ bus AC system with bus 1 being the slack bus,the unified AC-

MTDC power-flow problem corresponding to model ‘A’ is of the form

Compute: 0, V, X

Given: P,Q. R

with

0=[0,..00]", V=[VgrVo]" Og=[0cn Ocng], m=][m;..mg],
X = [6;, m"]"

P=1[p,.. Pn]Ta Q= [Qg+1 Qn]Ta Qsh = [Qsh2 "-Qshq]a

fy = [fi1 .. figl, R =[Qsn Vier—1 f1]"

For this model, it is presumed that VSC ‘r’ is employed for the voltage control of the
AC bus ‘(i+r-1)’ unlike the other ‘(q-1)’ VSCs, which control the line reactive power

flows.
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The Newton power flow equation is
J[AOT AVT ABg,T Am™]T = [APT AQT ART]T (4.26)
where, J is the power-flow Jacobian.

In eqn. (4.26), ‘AP’, ‘AQ’ and ‘AR’ represent the mismatch vectors while A@,
AV,AQg, and Am represent the correction vectors. The elements of ‘J° can be

obtained very easily from eqn. (4.26).

It can be observed that ‘Vpc,” (1 <a<(q) can be solved using eqn. (4.24),
independent of the AC-MTDC power-flow {eqn. (4.26)}, if ‘Vjc,” and ‘Pjc,’ are

known.

]

After all the unknowns are solved, the line active power-flows ‘Pg,,” can be

computed {using eqn. (4.5)}.

Thus, to summarize, Model ‘A’ addresses the problem “given the DC voltage and
power (or current) references of the VSC droop lines and the target line reactive

power flows, what should be the line active power flow values?”

Model ‘B’: Values of Vjcq and ‘Ppcq are not known apriori

If the DC voltage (‘Vpc,') and power (‘Ppc,’) reference values of the ‘q’
VSCs are not known, the DC bus voltages ‘Vpc,” and hence the DC bus power
injections ‘Ppc,’ (1 <a<q) cannot be computed independently {using eqn. (4.24)}.
This enables the line active power-flow values ‘Pg,,’ to be specified control objectives
{Fig. 4.6}, which is in line with practical MTDC control. This is an advantage over

model ‘A’.
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For the above modeling strategy, the unified AC-MTDC power-flow problem is of the

form

Compute: 0, V, X

Given: P,Q R

with

0 =[0,.0,]", V= [V . Vo]™, Og = [Oghs - Osng] > m = [my ..mg]’s Voe = [Voer - Voeg]
X = [0g, m" V5 ]"

P =[P, ..P]", Q=[Qgs1--Qnl", Psh = [Psnz - Psngl: Qsh = [Qshz - Qsnql> f1 = [f11 - fig]
and R = [Pg, Qs Visr—1 Vpcav f1]"

For this model too, it is presumed that VSC ‘r’ is employed for the control of voltage
magnitude of the AC bus ‘(i+r-1)’ unlike the other ‘(q-1)’ VSCs, which control the

line active as well as reactive power flows.
The unified AC-MTDC power flow equation is

J[A0T AVT ABg,T AmT AV T]T = [APT AQT ART]T (4.27)
where J is the power-flow Jacobian.

Fig. 4.7 and 4.8 depict the flow charts of the proposed approach for droop control

models ‘A’ and ‘B’ respectively.
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Input values of Ppc* and Vpcay™®

Y

Solve DC power flow to compute
Vpc*

)

Compute Vpc using droop Eqns.

Y

Input values of P, Q%, Vi, Qqn
and f;

Y

Initial Estimates of Unknown
variables 8, V, B, and m

v

Calculate the parametric error
AE=[AP, AQ.,AQg,, AVp,sand Afy]

Solve for 0, V, B4, and m
AX=J"[A E]

v

Update the value of
X D=xO+AX

v

End

Fig. 4.7: Flow chart of the proposed approach (Model A)
It is important to note that for Model ‘B’, after ‘Vpc,” (1 <a<q) is obtained from the

AC-MTDC power-flow {eqn. (4.27)}, ‘Ppca’ (1 £a<q) is computed.

Subsequently, to compute the DC voltage (‘Vpc,'), power (‘Ppc,’) or the current

(‘Ipca’) references of the ‘q” VSC droop lines, we proceed as follows.

Substituting Ppca = Vpcalpca = 23=1 VbcaVpey Ypcay in eqn. (4.16), we get
q

z VbcaVbevYpcav + RaVpca = RaVbca = Poca =0 Va, 1<a <q (4.28)

v=1

147



From eqn. (4.28), it can be observed that since ‘Vpc,'(1 <a<q) is already known
from the AC-MTDC power-flow solution, ‘Ppc,’ can be computed as well, and hence,
(‘VDea’) can be solved. After ‘Vjc,” (1 <a<q) is obtained {from eqn. (4.28)}, the

power (‘Ppc,’) or the current (‘Ic,”) references are also computed.

Thus, to summarize, Model ‘B’ addresses the problem “given the target line active
and reactive power flows, what should be the voltage and power references of the

VSC droop lines?”

Input values of PP, Q°F, Vi, Pgp,
Qsh > VDCa\‘ and f1

Y

Initial Estimates of Unknown
variables 8, V, 64, Vpc and m

v

Calculate the parametric error
1 AE=[AP, AQ, APy, AQg,, AV,
AVDCaV and Afl]

Solve for 8, V, 6, ,Vpc and m
AX=J"[A E]

v

Update the value of
X CD=XD+AX

y

I Input VDC I‘—
v

Compute Vpc*, Ppc* and Ipc*
using droop Eqns.

v

End

Fig. 4.8: Flow chart of the proposed approach (Model B)

It may be noted that the above analysis was done considering that the ‘q” VSCs follow

linear V-P voltage droop characteristics. In a similar manner, if all the ‘q” VSCs
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follow linear V-I droop characteristics, substituting Ihc, = Yo_; VicyYpcay in eqn.

(4.17), we get

q
Ipca = Ra(Vpca — Vbca) + Z VpevYpcav
v=1
or, 23=1V];CVYDCaV + RaVI;Ca —RyVpca —Ipca =0 (4-29)

Thus, for Model ‘B’, subsequent to ‘Vpc,” (1 <a<q) being obtained from the AC-
MTDC power-flow {eqn. (4.27)}, ‘Ipca’ (1 £a<q) is computed. Then, the DC
voltage (‘Vpc,’) references of the ‘q’ VSC droop lines can be solved from the ‘q’
droop equations given in eqn. (4.29) above. After ‘Vp¢,’ (1 <a < q) are computed, the

current (‘Ipc,’) or the power (‘Pjc,’) references can also be computed.

Similarly, if the a™ VSC follows a nonlinear voltage droop characteristic as

shown in Fig. 4.4 and operates at point ‘A’ of the characteristic, we have,
l:“DCa = Ra max(VDCa max VDCa) + [ Ra(vl;Ca high — VDCa max) + l:)];Ca]
or, 23=1V6CaV6CVYDCaV +R, (V];Ca high — Vbca max) +R, max(VDCa max VDCa) —Ppca=0 (430)

In a similar manner, the equations corresponding to other operating points (‘B’, ‘C’
‘D’ and ‘E’) of the non-linear voltage droop characteristics shown in Fig. 4.4 can also

be derived very easily.

4.6 Case Studies and Results

For validation of the above models, a large number of studies were carried out by
employing diverse DC voltage droop control strategies on MTDC grids embedded

within the IEEE 300-bus network [104]. In all the occurrences, the VSC constant was

1

selected as ¢ = i

[11]. Also, for all the VSC coupling transformers, Ry, = 0.001
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p-u. and Xg, = 0.1 p.u. (Va, 1 < a < q). The converter loss constants ‘a;’, ‘b;” and
‘c;” were chosen as 0.011, 0.003 and 0.0043, respectively [18], [95]. For
interconnections between DC terminals, Rpcuy = 0.01 p-u
VMuv, 1€u<gq, 1<v<q u#tv), throughout the chapter [83]. In all
occurrences, a termination error tolerance of 10™'° p-u. was selected. ‘NI’ and ‘CT’
denote the number of iterations and the computational time in seconds, pertaining to a
1.99 GHz Dell PC. In all the results given in Tables 4.1- 4.8, values of bus voltage
magnitudes, current magnitudes, active and reactive powers and droop control gains

are denoted in p.u. while phase angles of voltage phasors are denoted in degrees.

4.6.1 Studies of three terminal VSC-HVDC network incorporated in

the IEEE 300 bus system

Case I: Model-A employing Linear V-P and V-I droop characteristics
For this case study, at the outset, the base case power-flow (in the absence of any
MTDC grid) is carried out. The results are given in row 1 of Table 4.1. Then a 3-
terminal MTDC grid (q = 3) is integrated with the IEEE 300-bus test system at AC
buses ‘268, ‘272’ and ‘273’. While the VSCs connected to AC buses ‘268’ and ‘272’
follow linear V-P droop characteristics, the VSC connected to AC bus ‘273’ operates
on a linear V-I droop characteristic. The droop control gains of VSCs 1, 2 and 3 are

set to 20, 15 and 10, respectively [24], [28], [29] and[82].

Next, a DC power-flow is carried out to obtain the voltage (‘Vpc,’), power
(‘Poca’) and current (‘Ipc,’) references (1 <a <3) for the droop lines of the VSCs.

The results are given in row 4 of Table 4.1.
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Thereafter, the DC voltages {‘Vpcy’ (1 <a<3)} are computed from the
voltage (‘Vpea'), power (‘Pic,’) and current (‘Ihc,’) references using the droop eqn.

(4.24). The results are given in rows 7 of Table 4.1.

Table 4.1
Study of IEEE 300 bus system with three terminal VSC HVDC network

incorporating linear DC voltage droop characteristics (Model A)

Base case power-flow (NI=6 and CT=0.56);
Vg = 0.9684 £ — 21.01; Vo, = 0.9811 2 — 19.46;
V,73 = 1.0058 2 — 17.47;
DC (3-terminal) power-flow

Specified quantities Solution
Ve —a. DC power-flow converged in three iterations
P*DCa=v N ;5 Ve = 2.9990; Vi, = 3.0006; V3 = 3.0004;
P‘ZCZ ~ 0'4j Pic; = —0.8995; Ijcs = 0.1333;
bes = = NI=3; CT=0.11;
Computation of V¢ from droop eqns.
Specified quantities Solution
Viicy = 2.9990; Vje, = 3.0006; Vper = 2.9990; Vpc, = 3.0006;
Vpe = 3.0004; Py = —0.8995; Vpcz = 3.0004;

Pic, = 0.5; 1505 = 0.1333;
R, = 20; R, = 15;R; = 10;
AC-MTDC power-flow with linear voltage droop control

(VSCs connected to AC buses 268, 272 and 273)

NI=4; CT=0.07;

Specified it Solution
cCl111e antities
P au AC buses VSC
Osp1 = 2.3580;
B260 = ~2.8508; my = 0.9339;
V75 = 0.95272 — 9.7288; o 1_‘_1'2 987’7_
Vpep = 2.9990; Vy,3 = 095142 — 35.3471; s 0 8('941. ’
Vpe = 3.0006; Py, = —0.5142; 6 M2 = 27 0730
V, =3, . = —0. . sh3 — 7927 )
pc = 3.0004; Pghs 0.4133; m, = 0.8925;
V268 = 0.98;
Qunz = —0.05; DC Power Converter loss (%)
S . )
Qsh3 — _005’ PDCl = —08995, PlOSSl = 172,
Ppc, = 0.50; Ploss2 = 1.39;
Ppcs = 0.40; Possz = 1.31;
NI=6; CT=1.34;

After obtaining ‘Vpc,’, the AC-MTDC power-flow is executed. The results are
given in row 10 of Table 4.1. The computed values of the active power flows in the

(two) lines (‘Pg,” and ‘Pyp3’) are shown in bold in row 10 of Table 4.1. Thus, the line
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active power-flows are not controllable, unlike the line reactive powers (which are

specified). This is a major drawback of model ‘A’.

Table 4.1 shows that for both the base case and the AC-MTDC power-flow
with droop model ‘A’, ‘NI’ remains same. But ‘CT’ is more in the latter case as the

number of variables increase.

Case 1I: Model-B employing Linear V-P and V-I droop characteristics
This case study is similar to the previous study of Table 4.1. The 3-terminal
MTDC grid is again integrated with the AC system at buses ‘268°, ‘272° and ‘273’.
However, the specified line reactive power-flows are modified from their values in
Table 4.1. The results of the AC-MTDC power-flow are given in rows 3-9 of Table
4.2. It may be noted that unlike the previous study of Table 4.1, now the line active

power flows can also be specified. This is an advantage of model ‘B’.

From the AC-MTDC power-flow, using the values of ‘Vpc,’ obtained (and
hence, ‘Ppc,’ and ‘Ipc,’), the DC voltage (‘Vpc,’) and thereafter, the power (‘Pyc,”)
and current (‘Ijc,’) references for the droop lines of the VSCs are computed using the

droop eqns. {eqns. (4.28) and (4.29)}. The results are given in row 11 of Table 4.2.

From Tables 4.1 and 4.2, it can be observed that both in droop models ‘A’ and
‘B’, ‘NI’ remains same. But ‘CT’ is slightly more in the latter as the number of

variables increase {Vpc, (1 <a < 3) are now included}.

The convergence characteristics corresponding to the case studies of base
case, Table 4.1 and Table 4.2 are shown in Figures 4.9 - 4.11, respectively. From

Figures 4.9 - 4.11, it is observed that the developed algorithm demonstrates excellent
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convergence characteristics, similar to the base case and converging in six iterations.
The bus voltage profiles of Table 4.1 and Table 4.2 are shown in Figures 4.12 and
4.13, respectively. From Figures 4.12 and 4.13, it can be observed that the bus voltage
profiles do not change much except at the AC terminal buses to which the converters

are connected.

Table 4.2
Study of IEEE 300 bus system with three terminal VSC HVDC network

incorporating linear DC voltage droop characteristics (Model B)

Base case power-flow (NI=6 and CT=0.56);
Vaeg = 0.96842 — 21.01; Vo7, = 098112 — 19.46;
V,73 = 1.00582 — 17.47,
(VSCs connected to AC buses 268, 272 and 273)
AC-MTDC power-flow with linear voltage droop control

. .. Solution

Specified quantities AC buses e

Vbcav 3.0
Vaes 0.98 0,65 = —39.1737; Bshy = —43.2335; m; = 0.9347;
Penz 035 8272 = —31.2288; Vpc = 3.0008; 85, = —29.2837;
Qunz 01 0,73 = —6.7581; m, = 0.931; Vpe = 2.9996;
ps 03 V,7, = 1.0086; 0y, = —5.1792; m; = 0.9604;

2 : Vy75 = 1.0366; Vies = 2.9997;
Qans ol NI=6; CT=1.54;

Computation of references Vp from droop eqns.

Vi = 3.0008; Vi, = 2.9996;
Vs = 2.9997;
DC P
Vpe = 3.0008; Vo = 2.9996; P C_ (())\g;r54- Converter loss (%)
Vpc = 2.9997; p DC1=‘_(') 362é- Poss: = 1.54;
R, = 20; R, = 15; R; = 10; PDCZ 03124, Poss = 1.26;
pes T Prosss = 1.23;
NI=4; CT=0.05;
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Variation of Error with Number of Iterations

Errorin p.u.

—_

o
N
o

1 2 3 4 5
Number of iterations

Fig. 4.9: Convergence characteristic for the base case power flow in IEEE-300 bus

system

Variation of Error with Number of iterations

Error in p.u.

| 2 3 4 5 6
Number of iterations

Fig. 4.10: Convergence characteristic for the case study of Table 4.1
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Variation of Error with Number of iterations

_
O|

Error in p.u.

10

1 2 3 4 5
Number of iterations

Fig. 4.11: Convergence characteristic for the study of Table 4.2

(a) Bus Voltage Magnitude of base case
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Fig. 4.12: Bus voltage profile for the study of Table 4.1
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(a) Bus Voltage Magnitude of base case

1.2 T T T T T
=
2 1 A A g N W AN W,
0.8 1 1 ! 1 1
1 50 100 150 200 250 300
(b) Bus Voltage Magnitude with 3-Terminal VSC-HVDC
12 T T T T T
e
5 WWMMWWWW
0'8 | | | | |
1 50 100 150 200 250 300
(c) Bus Voltage Magnitude Difference
0.05 T T T T T
50 ‘W r‘
Q‘
_0.05 | | | | |
1 50 100 150 200 250 300

Bus Number

Fig. 4.13: Bus voltage profile for the study of Table 4.2

Case 111 Model-B employing nonlinear V-P droop with Dead-Band
This case study is similar to the previous study of Table 4.2, except VSC 2 which
follows a nonlinear V-P droop characteristic with dead-band. The droop control gains
are identical to the previous study of Table 4.2. First, a separate DC power-flow is
carried out to calculate the reference values for the droop control lines. The results are
shown in row 4 of Table 4.3. Next, the AC-MTDC power flow is carried out. The
power flow solution is shown in rows 5-13 of Table 4.3. From the power flow
solution, it is observed that VSC-2 (connected to AC bus 272) operates at the point

‘A’ as shown in Fig. 4.4.
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Table 4.3
Study of IEEE 300 bus system with three terminal VSC HVDC network

incorporating nonlinear DC voltage droop characteristics with dead-band

Base case power-flow (NI=6 and CT=0.652);
Vzeg = 0.96842 — 21.01; Vo7, = 098112 — 19.46;V,,3 = 1.00582 — 17.47,
DC power-flow to calculate DC reference values
Specified Quantities Power flow solution
Vper = 3.0206; Vi, = 3.0197;
Vdes = 3.0197; P3¢, = 0.9003;
I5cs = —0.1325;

NI=3; CT=0.02;
AC-MTDC power-flow with linear voltage droop and nonlinear droop with dead-band
(VSCs connected to AC buses 268,272,273)

Specified Quantities Power flow solution
Control parameters DC terminal buses
Vbcmax = 3.0145 Vpcpign = 3.013;
Vbclow = 3-012; Vpemin = 3.009;

Vbcav = 3.02; Poc; = — 0.5; Pyes = — 0.4

Vpcr = 3.0183; Vpe, = 3.0173;

Vpes = 3.0175;
R, = 20; R, = 15; Ry = 10; bes
Rmax = 30;
Convert Control Mod.
onverter ontro ode VSCs
1 V-P droop
2 V-P droop with dead-band Osn1 = —48.7989; O4,, = —28.8620;
Ogps = —4.4850; m, = 0.9491;
3 V-1d sh3 $ '
roop m, = 0.9584; m, = 0.9810;

AC terminal buses
0,65 = £ —43.2010;
V7, = 1.01022 — 32.1815;
V,73 = 1.0362 2 — 6.1658;

V,65 = 0.98; =0.1;
208 Q ’ ’_QOShlz ’ DC Power Converter loss (%)
sho = % Ppc = 0.9457; Poss = 1.86;
Ppc,= — 0.6138; Poss = 1.44;
Ppcs=— 0.3316; Possz = 1.24;
NI=6; CT=1.49;

Case IV Model-B employing Voltage Margin control
This case study is carried out on the same AC-MTDC system but the VSC connected
to AC bus 272 employs voltage margin control. The droop control gains of the
converters connected to AC buses 268 and 273 are similar to the studies of Table 4.1-
4.3. The droop control gain of the converter connected to AC bus ‘272’ is set to a

value of 1000 corresponding to the operation of voltage margin control. For voltage
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margin control characteristic, the maximum and the minimum DC powers are set to
values of 1.0 and -1.0 p.u, respectively. The power flow solution is shown in rows 5-

13 of Table 4.4.

Table 4.4
Study of IEEE 300 bus system with three terminal VSC HVDC network employing

voltage margin control

Base case power-flow (NI=6 and CT=0.56);
Va6 = 0.96842 — 21.01; Vo7, = 0.98112 — 19.46; V,73 = 1.00582 — 17.47,
DC power-flow to calculate DC reference values

Specified Quantities Power flow solution
Viey = 3.0310; Vi, = 3.0294;
Vpcay = 3.03; P3¢ =—0.5; Vs = 3.0296; Pi¢, = 0.9004;
Pocs = — 04; I5cs = —0.1320;
NI=4; CT=0.02;

AC-MTDC power-flow with linear voltage droop and nonlinear voltage margin
(VSCs connected to AC buses 268, 272, 273)

Specified Quantities Power flow solution
Control parameters DC terminal buses
Vbemax = 3:01; Vchigh = 3 Vpey = 3.0210; Vpe, = 3.0187;
Viclow = 2:99; Vpemin = 2.98; Vpez = 3.0197;
R, = 20; R, = 1000; R; =10;
Converter Control Mode VSCs
1 V-P droop
2 Voltage Margin Osn1 = —43.3748; 64, = —18.1817;

Osh3 = —14.1289; m; = 0.95;
m, = 0.9714; m; = 0.9784;
AC terminal buses
0,65 = —36.8764;

V,7, = 1.02152 — 23.4921;
V,73 = 1.03482 — 14.5915;

3 V-I droop

Va6 =0.98; Qsnz=0.1;

DC Power Converter loss %
Qsns = 0.05; P = 1.1006; P = 2.06;
Pyc, = —1.0000; Possz = 1.79;
Pycs = —0.0997; Posss = 1.15;
NI=6; CT=1.46;

The convergence characteristics of Table 4.3 and 4.4 are shown in Figures 4.14 and
4.15, respectively. From Figures 4.14 and 4.15, it is observed that the developed

algorithm demonstrates excellent convergence characteristics, again converging in six
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iterations. The bus voltage profiles of Table 4.3 and 4.4 are shown in Figures 4.16 and
4.17, respectively. Again, from Figures 4.16 and 4.17, it is observed that the bus

voltage profiles do not alter much from the base case except the AC buses at which

the converters are connected.

Variation of Error with Number of iterations
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Error in p.u.
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Fig. 4.14: Convergence characteristic for the case study of Table 4.3

Variation of Error with Number of iterations

—_
>,

Errorin p.u.

—_
o,
=

1 Y 3 45 6
Number of iterations

Fig. 4.15: Convergence characteristic for the case study of Table 4.4
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Fig. 4.16: Bus voltage profile for the study of Table 4.3
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Fig. 4.17: Bus voltage profile for the study of Table 4.4
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4.6.2 Studies of five terminal VSC-HVDC network incorporated in

the IEEE 300 bus system

Case I: Model-A employing Linear V-P and V-I droop characteristics
This case study is similar to that of Table 4.1 except with five DC terminals. For this
study, at the outset, the base case power-flow (in the absence of any MTDC grid) is
carried out. The results are given in row 1 of Table 4.5. Then a 5-terminal MTDC grid
is integrated with the IEEE 300-bus test system at AC buses ‘266°, 270°, ‘271°, 272’
and ‘273’. While the VSCs connected to AC buses 266’ and ‘270’ follow linear V-P
droop characteristics, the VSCs connected to AC buses ‘271°, ‘272’ and ‘273’ operate
on linear V-I droop characteristics. The droop control gains of VSCs 1 and 2 are set to
20 and 15, respectively [24], [82]. The droop control gains of VSCs 3, 4 and 5 are all

set to a value of 10.

Next, a DC power-flow is carried out to obtain the voltage (‘Vjc,’), power
(‘Ppca’) and current (‘Ipc,’) references (1 <a<5) for the droop lines of the VSCs.

The results are given in row 4 of Table 4.5.

Thereafter, the DC voltages {‘Vpc,” (1 <a<5)} are computed from the
voltage (‘Vpca'), power (‘Pic,’) and current (‘Ijc,’) references using droop eqn.

(4.24). The results are given in row 7 of Table 4.5.

After obtaining ‘Vpc,’, the AC-MTDC power-flow is carried out. The results
are given in row 10 of Table 4.5. The computed values of the active power flows in

lines (‘Pspz’, ‘Psps’, ‘Psp ” and ‘P, ) are shown in bold in row 10 of Table 4.5.

Table 4.5 shows that for both the base case and the AC-MTDC power-flow

with droop model ‘A’, ‘NI’ remains same. But ‘CT’ is more in the latter case as the
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number of variables increase. It is also observed that CT is more with the five

terminal MTDC network than the three terminal one.

Table 4.5

Study of IEEE 300 bus system with five terminal VSC HVDC network employing

linear DC voltage droop characteristics (Model A)

Base case power flow (NI=6 and CT=0.56)
Vaee = 1.011 £ — 11.24; Vy79 = 1.011 £ — 11.32; V74 = 0.998 2 — 17.67;
Vy7y = 0.981 £ — 19.46; Vyy3 = 1.006 2 — 17.47;
DC (5-terminal) power-flow

Given quantities Solution
Vi cav=3; DC power-flow converged in three iterations
Pjc, = 0.35; Vicr = 2.9991; V5 = 3.0002; Vjez = 3.0002; Vi, = 3.0002;
Pics = 0.3; Vpes = 3.0003; Pycy = —1.3495; Ipcz = 0.1; Ipc, = 0.1;
Poca = 0.3; Ipcs = 0.1333;
Pics = 0.4; NI=3; CT=0.02;
Computation of Vp¢ from droop eqns.
Given quantities Solution
Vbci = 2.9991; Vj¢, = 3.0002; Vb1 = 2.9991; Vpe, = 3.0002; Vpez = 3.0002;
Vpes = 3.0002; Vi, = 3.0002; Vpca = 3.0002; Vpes = 3.0003;

Vpes = 3.0003; P3¢, = —1.3495;
P5c =0.35;Ipc5 = 0.1

Ipca = 0.1;I¢s = 0.1333; NI=4; CT=0.07;

R; = 20; R, = 15;R; = 10;
R, = 10;R; = 10;

AC-MTDC power-flow with linear voltage droop control

. - Solution
Given quantities AC buses VSC
0,66 = —11.6616; Osh1 = —4.7995;
Vy70 = 1.0201 2 — 11.8087; m; = 1.0203;
Va1 = 1.022 £ — 34.5310; Osn = —13.7810;
Voo — 29901 Vy72 = 1.0118 £ — 39.7253; m, = 0.9804;
2 on Vy73 = 1.0014 £ — 33.9952; Osn = —36.2298;
\D/CZ - ; 6002- ’ Psny = 1.3239; m3 = 0.9775;
VDc =3.0002f P, = —0.3631; Osn = —41.4609;
Voo =3.0003; s — 05720 e
o g Pons = —0.3126; m, = 0.9652;
266 = (-)2.‘ Ps = —0.4132; ms = 0.9538;
(35}12__0 15’ DC Power Converter loss (%)
QshS o Ppc = —1.3495; Ploss1 = 2.37;
she = o1 Ppc = 0.3500; Po =129
Qsns = 0.1; Ppcs = 0.3000; Plosss = 1.25;
Ppca = 0.3000; Plosse = 1.25;
Ppcs = 0.4000; Plosss = 1.31;
NI=6; CT=1.44,
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Case 1I: Model-B employing Linear V-P and V-I droop characteristics

In this case study, the 5-terminal MTDC grid is again integrated with the AC

Table 4.6

system at AC buses 266°, <270°, ‘271°, ‘272’ and ‘273’. But the line reactive power
values are modified. The results of the AC-MTDC power-flow are given in rows 4-
13 of Table 4.6. It may be noted that unlike the previous study of Table 4.5, now the

line active power flows can also be specified. This is an advantage of model ‘B’.

Study of IEEE 300 bus system with five terminal VSC HVDC network

incorporating linear DC voltage droop characteristics (Model B)

Base case power flow (NI=6 and CT=0.56)
Vaee = 1.011 £ — 11.24; Vy79 = 1.011 £ — 11.32; V74 = 0.998 £ — 17.67;
Vy72 = 0.981 £ — 19.46; V73 = 1.006 £ — 17.47;

AC-MTDC power-flow with linear voltage droop control
(VSCs connected to AC buses 266, 270, 271, 272 and 273)

. .. Solution

Given quantities AC buses VsC
Vbcav 3.0 0,66 = —11.5227; O = —19.1658; m; = 0.9933;
Vaee 0.98 8,70 =—11.5210; Vpey = 3.0009; 6, = —9.3615;
Pshz 0.4 8,7, = —4.4870; m, = 0.9771; Vpc, = 2.9997;
Qsha 0.15 8,,, = —3.8018; B.h3 = —2.9940; m; = 1.0134;
Pns 0.3 0,,3 = —3.1837; Bsna = —2.5661; m, = 1.0166;
Qshz 0.05 Vy70 = 1.0205; 8, = —1.0859; ms = 0.9895;
Pins 0.25 Vy71 = 1.0695; Vpcs = 2.9998;

Qune 0.05 V,7, = 1.0730; Vpca = 2.9998;

Pons 0.4 V,,3 = 1.0387; Vpes = 2.9997;

Qsns 0.1 NI=6; CT=1.57;

Computation of references Vp from droop eqns.

Vpey = 3.0009; Vpe, = 2.9997;
Vpes = 2.9998; Vpe, = 2.9998;
Vpes = 2.9997;

R, = 20; R, = 15; R; = 10;
R, = 10; Rs = 10;

Vicy = 3.0009; Vi, = 2.9997;
Vies = 2.9998; Ve, = 2.9998;
Vies = 2.9997;

DCP
ower Converter loss (%)

Ppcy = 1.4011;
_ . Poss1 = 2.39;

Ppc, = —0.4132;
_ i Pioss2 = 1.30;

Ppes = —0.3123;
Poss = 1.22;

Ppe = —0.2620;
Pocs = —0.4130; Floss = 1.19;
es T T Plosss = 1.29;

NI=4; CT=0.05;
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Subsequent to the AC-MTDC power-flow, using the values of ‘Vpc,’ obtained
(and hence, ‘Ppcy’ and ‘Ipc,’), the DC voltage (‘Vpc,') and thereafter, the power
(‘Poca’) and current (‘Ipc,’) references for the droop lines of the VSCs are computed
using the droop eqns. {eqns. (4.28) and (4.29)}. The results are given in row 15 of

Table 4.6.

From Tables 4.5 and 4.6, it is observed that both in droop models ‘A’ and ‘B’,
‘NI’ remains same. But ‘CT’ is slightly more in the latter as the number of variables

rise (all Vpcs are now included).

The convergence characteristics of Table 4.5 and 4.6 are shown in Fig. 4.18 and 4.19,
respectively. From Figures 4.18 and 4.19, it is observed that the power flow algorithm
demonstrates convergence characteristics similar to the base case, converging in six
iterations. The bus voltage profiles corresponding to Tables 4.5 and 4.6 are shown in
Figures 4.20 and 4.21, respectively. Again, from Figures 4.20 and 4.21, it is observed
that the bus voltage profiles do not change much from the base case except the buses

at which the converters are connected.

Variation of Error with Number of iterations
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Fig. 4.18: Convergence characteristic for the study of Table 4.5
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p.u.

Variation of Error with Number of iterations
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Fig. 4.19: Convergence characteristic for the study of Table 4.6
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Fig. 4.20: Bus voltage profile for the study of Table 4.5
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(a) Bus Voltage Magnitude of base case
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Fig. 4.21: Bus voltage profile for the study of Table 4.6

Case 111 Model-B employing nonlinear V-P droop with dead-band
This case study is similar to the previous study of Table 4.6 except VSC 2 which
employs a nonlinear V-P droop with dead-band. The droop control gains are identical
to that of the study of Table 4.6. First, a separate DC power-flow is carried out to
calculate the reference values for the droop control lines. The results are shown in row
4 of Table 4.7. Subsequently, the AC-MTDC power flow is carried out. The results

are shown in rows 5-13 of Table 4.7.

From the power flow solution, it is observed that the converter connected at AC bus

272 operates at the point ‘A’ as shown in Fig. 4.4.
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Table 4.7

Study of IEEE 300 bus system with five terminal VSC HVDC network

incorporating non-linear voltage droop characteristics with dead-band

Base case power flow (NI=6 and CT=0.56)

Ve = 1.011 £ — 11.24; Vp79 = 1.0

11 2 — 11.32; Vo7, = 0.998 2 — 17.67;

Vayz = 0.981 £ — 19.46; Vo3 = 1.006 £ — 17.47;

DC power-flow to calculate DC reference values

Specified Quantities

Power flow solution

Vbcav = 3.02; Py —0.5; Pyez = — 0.4;
PD*C4 =-10.3; PD*cs =-0.4;

Vies = 3.0211; Ve, = 3.0197;
Vics = 3.0197; Ve, = 3.0198;
Vies = 3.0197; Py = 1.6007;
Ihes = —0.1325; I, = —0.0993;
Ihes = —0.1325;

NI=3; CT=0.02;

AC-MTDC power-flow with linear voltage droop and nonlinear droop with dead-band

(VSCs connected to AC buse

s 266, 270,271,272 and 273)

Specified Quantities

Power flow solution

Control parameters

DC terminal buses

Vbcmax = 3.014; VSChigh = 3.013;
VBClow =3.012; Vpcmin = 3.009;
R, = 20; R, = 15; R; = 10;

Vper = 3.0198; Ve, = 3.0183;
Vpe = 3.0184; Vpe = 3.0185;

Vpe = 3.0184;
R, = 10; Ry = 10;
Rimax = 30;
Converter Control Mode VSCs
1 V-P droop
2 V-P droop with dead-band Osn1 = —20.3526; 64, = —8.0873;
0, = —1.5592; 65, = —1.3553;
0sn = —3.2532; m; = 0.9958;
3 V-l droop m, = 0.9678; m, = 1.0016;
m, = 1.0020; m; = 0.9840;
AC terminal buses
0,66 = —20.3526;
V,70 = 1.01022 — 8.0873;
V,,, = 1.0362 2 — 1.5592;
Va5 = 0.98; Vy7; = 1.0362 £ — 1.3553;
Qg =0.1; Va7 = 1.0362 2 — 3.2532;
Qspz = 0.05; DC Power Converter loss (%)
Qsn = 0.04; Phci= 1.6266; Boss1 = 2.78;
Qs = 0.1; Ppc = —0.6428; Possz2 = 1.45;
Py =—0.3610; B, = 1.25;
Ppcs= —0.2610; Piossa = 1.19;
Ppcs= —0.3610; Posss = 1.26;
NI=6; CT=1.51;
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Case 1V Model employing Voltage Margin control
This case study is conducted on the same AC-MTDC system of Table 4.7 but the
VSC connected to AC bus 270 employs voltage margin control. The droop control
gains of the VSCs are identical to that of Table 4.7, except VSC 2, which operates in
voltage margin control. The droop gain for voltage margin control is set to a value of
1000. For voltage margin control characteristic, the maximum and minimum DC
powers are set to 1.0 and -1.0 p.u, respectively. The power flow solution is shown in

rows 5-13 of Table 4.8.

The convergence characteristics of Table 4.7 and 4.8 are shown in Figures 4.22
and 4.23, respectively. From Figures 4.22 and 4.23, it is observed that the proposed
algorithm demonstrates excellent convergence characteristics, converging in six
iterations. The bus voltage profiles for the studies of Table 4.7 and 4.8 are shown in
Figures 4.24 and 4.25, respectively. From Figures 4.24 and 4.25, it can be observed
that the bus voltage profiles do not change much except at the AC terminal buses to

which the converters are connected.
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Table 4.8
Study of IEEE 300 bus system with five terminal VSC HVDC network

incorporating non-linear DC voltage droop characteristics (Voltage Margin)

Base case power flow (NI=6 and CT=0.56)

Vags = 1.011 £ — 11.24; Vyyp = 1.011 £ — 11.32; Vpyy = 0.998 2 — 17.67;
Vayz = 0.981 £ — 19.46; Vpy3 = 1.006 £ — 17.47;

DC power-flow to calculate DC reference values

Specified Quantities

Power flow solution

Vbcav = 3.03; Py, = — 0.5;
PS¢z = — 0.45; Pyc, = — 0.35;
Ppcs = —0.3;

Vi = 3.0311; Vi, = 3.0297;
Ve =3.0297; Vi = 3.0298;
Vics = 3.0298; B¢, = 1.6007;
Ihes = —0.1485; 15, = —0.1155;
Ihes = —0.0990;

NI=4; CT=0.02;

AC-MTDC power-flow with linear voltage droop and nonlinear voltage margin
(VSCs connected to AC buses 266, 270, 271, 272 and 273)

Specified Quantities

Power flow solution

Control parameters

DC terminal buses

Vbcmax = 3-01; Vpchigh = 3;
Vbclow = 2:99; Vpemin = 2.98;

Vpc1 = 3.0265; Vpc, = 3.0248;
Vpe = 3.0252; Vp¢y = 3.0253;

R, = 20; R, = 1000; R; = 10; Vpes = 3.0253;
R, =10; Ry = 10;
Converter Control Mode
1 V-P droop VSCs
2 Voltage Margin Osn1 = —20.7095; B4, = —6.1022;
gz = —4.1554; 04, = —4.3862;
Oshs = —11.2625; m; = 0.9934;
3 V- droop m, = 0.9669; m; = 1.0072;
m, = 1.0052;m; = 0.9648;
AC terminal buses
0,66 = —11.5486;
Vo0 = 1.02072 — 11.4324;
V,71 = 1.07102 — 5.6475;
Vaes = 1.02; Vy72 = 1.071124 — 5.3878;
Qsnz=0.08; Vy73 = 1.02682 — 12.0814;
Qsnz = 0.06; DC Power Converter loss
Qsha = 0.04; Phci = 1.6912; Poss1 = 2.88;
Qsns = 0.05; Ppc = —1.0000; Poss2 = 1.79;
Ppcz = —0.3133; Piossz = 1.22;
Ppcs = —0.2135; Piossa = 1.17;
Ppcs = —0.1635; Plosss = 1.16;
NI=6; CT=1.54;
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Variation of Error with Number of iterations
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Fig. 4.22: Convergence characteristic for the study of Table 4.7
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Fig. 4.23: Convergence characteristic for the study of Table 4.8
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(a) Bus Voltage Magnitude of base case
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Fig. 4.24: Bus voltage profile for the study of Table 4.7
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Fig. 4.25: Bus voltage profile for the study of Table 4.8
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4.7 Conclusions

In this chapter, a generalized approach for the development of Newton power-flow
models of hybrid AC-MTDC systems employing DC voltage droop control is
presented. In the proposed model, the modulation indices of the VSCs are obtained
directly from the power-flow solution. Diverse MTDC grid control techniques
including linear and nonlinear DC voltage droop control have been employed. It is
observed that unlike droop model ‘A’, model ‘B’ facilitates the specification of both
line end active and reactive power-flows. The model displays excellent convergence
characteristics, independent of the DC grid topology and the MTDC grid control

technique employed. This validates the model.
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Chapter 5

Newton Power Flow Modeling of Voltage Source
Converter (VSC) Based Hybrid AC-DC Systems
Incorporated with Interline DC Power Flow
Controller (IDCPFC)

5.1 Introduction

One of the main challenges in VSC based hybrid AC-DC systems is the
management of DC power flow within the DC grids. Although the VSCs control the
power injections into a DC grid, the power flows within the DC grid depend upon the
resistances of the DC Links or cables. In this respect, DC power-flow control devices
[39]-[44] have been conceptualized and developed, similar to Flexible AC
Transmission Systems (FACTS) Controllers developed for AC grids. The Interline
DC Power Flow Controller (IDCPFC) reported in [43], [44] is a DC power-flow
controller which has been implemented for the power-flow management of MTDC
grids. It is similar to the Interline Power Flow Controller (IPFC) [45]-[47], which is a
FACTS Controller [13].

Now, for planning, operation and control of VSC based hybrid AC-DC
systems, their power-flow models are required. [76]-[98] present some comprehensive
Newton power-flow models of VSC based hybrid AC-DC systems. However, none of
these research works address the power-flow modeling of hybrid AC-DC systems
incorporating the IDCPFC.

This chapter presents the Newton power-flow modeling of VSC based hybrid

AC-DC systems employing IDCPFCs for power-flow management. Similar to
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Chapters 3 and 4, the VSC modulation index ‘m’ is considered as an unknown and
can be obtained directly, from the power-flow solution. VSC losses are included in

this model.

5.2 Modeling of AC-MVDC systems incorporating IDCPFCs

The basic assumptions adopted for this chapter are similar to those available in
section 3.2 (Chapter-3) of this thesis. Fig. 5.1 shows a ‘n’ bus AC power system
network integrated with a ‘q’ terminal VSC-MTDC grid. ‘q” VSCs are used for
integrating the VSC-MTDC grid with the AC network at AC buses ‘i’, ‘(i+1)’, and so
on, up to bus ‘(it+q-1)’, through their respective converter transformers. Fig. 5.1 also
shows an IDCPFC incorporated within the MTDC grid for its power-flow
management. The IDCPFC comprises ‘z’ (z < g-1) variable DC voltage sources
interconnected between DC bus ‘1’ and ‘z’ other DC buses numbered as ‘2, ‘3’ and

so on, upto ‘(z+1)’. The equivalent circuit of Fig. 5.1 is shown in Fig. 5.2.

In Fig. 5.2, the ‘q” VSCs are represented by ‘q’ fundamental frequency, positive
sequence voltage sources. The a™ (1 < a < q) VSC is connected to AC terminal bus

‘(i+a-1)’ whose voltage is represented by the phasor V. 1=V, . 146;, ;-

From Fig. 5.2, the current in the link (not shown) connecting the a™ VSC and

its AC terminal bus is

Isha = YSha(Vsha - i+a—1) (51)

where Vsha: Vsha < esha: m, C VDCa < eshaa Yeha™ 1/Zsha ’ Zsha = Rsha + szhaa Rsha and

Xqha are the resistance and the leakage reactance of the a™ converter transformer,
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of the VSC architecture [11].
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respectively, ‘m,’ is the VSC modulation index and the constant ‘c’ is representative

DC Bus ‘1’

Fig. 5.1: Schematic diagram of an AC-MTDC system incorporating an IDCPFC
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Fig. 5.2: Equivalent circuit of AC-MTDC system incorporating an IDCPFC

Also, as already detailed in Chapter 3, from Figures 5.1 and 5.2, the net current
injection at the AC bus ‘(i+a-1) connected to the a™ (1 < a < p) converter can be

written as

Lita1 = 2k=t Yii+a-1)k Yk~ YshaVsha (5.2)
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_ yold
where Y(i+a-1)(i+a-1) - Y(0i+a-1)(i+a-1)+ Ysha and
Yg:(-ja-1)(i+a-1)= Yarano + ZL Lizitat1 Yit+aDk AI€ the values of self admittances of

bus ‘(i+a-1)” with the a™ VSC connected and the original ‘n’ bus AC system without

any VSC, respectively. Similarly, Va +a_1)0’ accounts for the shunt capacitances of all

the transmission lines connected to bus ‘(i+a-1)’.

Now, in Fig. 5.2, the IDCPFC comprises ‘z’ (z < g-1) variable DC voltage sources
and it is assumed, without any loss of generality, that the w™ variable DC voltage
source ‘Vpcsw (1 <w < 7z)is connected in series with the link interconnecting the DC
buses ‘1’ and ‘(1+w)’ (1 <w <z, V z < g-1). Then, from Fig. 5.2, the current and

power in this link (connected between DC buses ‘1’ and ‘w+1’) is
Ipciew+1) = Yociw+)[Vbew+1 — Vo + Vbesw] (5.3)
Pociow+1) = Vpe Ipciw+1) (5.4)

Further, with the IDCPFC, the net DC current injection at the 1 DC bus can be

written as

Ipci = Zﬁzll,uil Ipciu + Zg=z+2,u¢1 Ipciu (5'5)

Writing Ipcq, in the form of eqn. (5.3) and substituting in eqn. (5.5), we get

q z+1
Ipci = Z YpciuVpeu + Z Ybc1uVpesu-1) (5.6)
u=1 u=1,u¥1

In a similar manner, the net DC current injections at the other DC buses can also be
written very easily. It can be shown that the net DC current injection at any arbitrary

DC node ‘v’ (1 <u < q) can be generalized as
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IDCu = 23:1 YDCuVVDCV + Z\Z/ijﬁll,vilYDCuVVDCS(V—l) ifu=1
= Zxc/l:lYDCuVVDCV - YDCu1VDCs(u—1) if2<u<z+1

= Zg=1YDCuVVDCV if z+42<u< q (57)

5.3 Power Flow Equations of hybrid AC-MVDC systems

incorporating IDCPFC

From Fig. 5.2, at the AC bus ‘(i+a-1)’ pertaining to the a™ VSC, it can be

shown that the net active and reactive power injections are

n
Piya1 :Z Vita-1 Vi Y (i+a-1)k COS [91+a-1' O~ ¢(i+a_1)k] -M,C Ve Vita-1Ysha €0S(04a.1- Ogha- 0 (5.8)
=

n
Qi+a—l :Z Vi+a—leY(i+a—l)kSin [ei+a—l - Oy~ ¢(i+a—l)k] -M,C Vpca Vira-1Ysha SIN(Oira-1- Ogha- (I)sha) (5.9
k=1

where ‘¢’ is the phase angle of y, ..

In addition, from Fig. 5.2, it can be shown that the active and reactive power flows at

the terminal end of the link interconnecting the a™ VSC to the AC bus ‘(i+a-1)’ are
Psha: m,C VDCaViJra—IYSha cos(ei+a—1' esha' d)sha) - Viz-ka—lysha Cos (I)sha (510)

Qsha: m,C VDCaViJra—IYSha Sin(ei+a—1' esha' (I)sha) + Viz-i-zl—l}lsha sin (I)sha (51 1)

Now, if all the VSCs as well as the IDCPFC are lossless, the AC-DC power balance

equation for the a"(1<a< q) VSC can be written using eqn. (5.7) as
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(mac VDCa) 2 YShaCOS¢Sha —m,C VDCaVi+a—1YSha Cos(esha - ei+a—1 - d)sha)

q
= _z VDCaVDCvYDCaV ifz+ 2 <ac<s q

v=1
q
=- 2 VbcaVpevYpcav + VbcaVbes(a-1) Ypcat if2<a<z+1
v=1
q z+1
= - z VbcaVpevYpcav — 2 VbcaVpesw-1)Ypcav ifa=1
v=1 v=1,v#1l

If VSC losses are considered, the above equation for the a™ (1 <a < q) VSC becomes
(mac VDCa) 2 YShaCOS¢Sha —myc VDCaVi+a—1YSha Cos(esha - ei+.31—1 - ¢sha)
= - 23:1VDCaVDCVYDCav - l)lossa if (Z + 2) <acs q

= - VbcaVoevYocay + VbcaVpes(a—1)Ypcar — Plossa  if2<a<z+1

= - 23=1 VDCaVDCVYDCaV - szlii,vatlVDCaVDCs(v—l)YDCaV - Plossa ifa=1
or, fj, =0 Va l<ac<gq (5.12)

where, P4, represents the losses [18], [92] of the a™ VSC as already detailed in

Chapter 3 {eqn. (3.10)}.

eqn. (5.12) represents ‘q’ independent equations. The detailed derivation of eqn.

(5.12) is shown in Appendix A.

Now, in the AC-MTDC system (Fig. 5.1) with ‘q” VSCs, if it is assumed that the ™

(1 <r<q) VSC is used for voltage control of its corresponding AC bus, we have

VP -V =0 Va 1<ac<gq, a=r (5.13)
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Also, not more than ‘(q-1)’ line active and reactive power flows {eqn. (5.10) and

(5.11)} can be specified, which give us ‘(2q-2)’ independent equations given as
P, -Pi=0 (5.14)

Q¥ -Q=0 (5.15)
Val<a<gq a#r.
Instead of PQ control mode, if a VSC operates in the PV one, eqn. (5.15) changes to
VP Vil =0 Va, 1<a<q, a#r (5.16)

Further, the net reactive power injection at AC bus ‘(i+r-1)’ can be specified as its

voltage is controlled by the '™ VSC. Thus, we get

QP . —Ql =0 Vva I<a<gq a=r (5.17)

i+a-1

cal
i+a-1°

In eqns. (5.13)-(5.17), V1 a1 QP and Q2P are specified values while V

i+a-1° sha sha

Qe ., PS and Q%2L are calculated values {using eqns. (5.9), (5.10) and (5.11)}.

Now, in the DC network as shown in Fig. 5.2, the IDCPFC is represented by
‘z’ variable DC voltage sources (incorporated in series with ‘z” DC links). Hence, the
inclusion of the IDCPFC in the hybrid AC-MTDC system introduces ‘z’ additional
unknowns. To solve them would require ‘z’ specified or known quantities. It is
important to note that if the IDCPFC is considered lossless, from Fig. 5.2, the power

delivered by the IDCPFC is

Pipcprc = [Vpesi{i—Ipciz} + Vbesz{—Ibcis} + +* Vbesz{—Ipciz+1)}] = 0 (5.18)
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eqn. (5.18) represents a single, independent equation. Thus, additional ‘(z-1)’
equations are required for a complete solution of the IDCPFC variables, which is
similar to the degree of freedom of an IPFC [45]-[47]. These ‘(z-1)’ equations are
obtained from the control objectives of the IDCPFC. [43] has implemented DC link
power-flow control with an IDCPFC. In this chapter, both current and power-flow

controls of the DC link(s) have been considered.

With DC link current control, the line currents in all the ‘z” DC links (containing the
‘z’ variable DC voltage sources of the IDCPFC) except one, can be controlled. If it is
presumed that the line current in the DC link containing the y* (1 <y < z) variable

DC voltage source ‘Vpcg,” is not being controlled by the IDCPFC, the control

equations for the rest of the ‘(z-1)’ DC links are

1 —
I1SJPC1(W+1) - II%aC1(w+1) =0 (5.19)

In a similar manner, the control equations for the power-flow in the ‘(z-1)’ DC links

are
Plggl(w+1) - Pl():ec‘l w+1) =0 (5.20)

eqns. (5.19) and (5.20) can be generalized as
fbw=0V w, 1<sw<z—1, w#y, z<q-1 (5.21)

It may be noted that if the IDCPFC employs current control for some of the DC links
and power-flow control for the rest, eqn. (5.21) would comprise both eqn. (5.19) and

(5.20).

In the above equations, I3 and P3P

DC (w+1) bc (w+1) are the specified value of the current

and power-flow in the DC link between the DC buses ‘1’ and ‘(1+w)’ (and containing
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the variable DC voltage source ‘Vpcsy '), respectively, while lgacll(wﬂ) and S (w+1)

are their calculated value obtained using eqn. (5.3) and (5.4), respectively.

5.4 Implementation in Newton Power Flow Analysis

If it is assumed that there are ‘g’ generators connected at the first ‘g’ buses of
the ‘n’ bus AC system with bus 1 being the slack bus, then, for the AC-MTDC system
incorporating an IDCPFC with ‘z’ variable DC voltage sources and following DC

slack bus control, the unified AC-MTDC power-flow problem is of the form
Compute: 8, V, X

Given: P,Q,R

with

0=1[0,..0,]", V= [Vgps - ValT, Ogp = [Ocn1 - Ocng| » m = [m; ..mg]",

Ve = [Vbcz - Vicq] |

Vbes = [Vbest - Vpeszl™ and X = [8g, m™ Vg Vi ]”

P =[P, ..R]", Q =[Qgs1--Qnl", Psh = [Psnz - Psngl Qsh = [Qsh - Qshq]
fy = [fi1 ---flq]a f2 = [f21 ---f2(z—1)]

and R = [ Py, Qgh Vier—1 Pincprc f1 f2]"

It is presumed that in this model, DC slack bus control (master slave control) is

adopted (‘Vpc ’ is specified). Also, the master VSC ‘r’ controls the voltage magnitude
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of the AC bus ‘(i+r-1) unlike the other ‘(q-1)’ slave VSCs, which control the line

active as well as reactive power flows.
The Newton power flow equation can be written as
J[ABT AVT A, T AmT AV TAVpe "1™ = [APT AQT ART]T  (5.22)
where J is the power-flow Jacobian.

It may be noted that instead of the DC slack bus voltage ‘Vpc;’, if the average
voltage of all the DC terminals ‘Vpc,y~ is specified, the following modifications are

required.

T
Vbc = [Vbc - Vbcg] » R = [Psh Qsh Vier-1 Vbcav Piocerc f1 f2]7.
The individual elements of J have to be appropriately modified for the above case.

If ‘x> IDCPFCs are present, ‘Vpcs® gets enlarged (with ‘xz’ elements) and
‘Prpepre’ 1s replaced by a vector ‘Prpcppe’ having ‘x’ elements, each governed by an
equation similar to eqn. (5.18). Also, the individual elements of J are appropriately

modified.

Fig. 5.3 depicts the flow chart of the proposed approach with IDCPFC.

5.5 Case Studies and Results

For validation of the above model, a large number of studies were carried out by
employing diverse DC voltage control strategies on MTDC grids integrated with the
IEEE 300-bus test system [104]. For all the VSC coupling transformers, Ry, =
0.001 p.u. and X, = 0.1 pu. (Va, 1 < a < q). For interconnections between DC

terminals, Rpcyy = 0.01 p.u. (V u,v, 1< u < q, 1< v < q, u#v), throughout
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Input values of P**, Q*?, Vg, Py
Qs , Pincere , fi and £,

Y

Initial Estimates of Unknown
variables 6, V, 84, m, Vpcand Vpcs

v

Calculate the parametric error
Lt AE:[AP, AQ; Al)sh AQs]v A\/Bus H
APipeprc » Afy and Af;]

Solve for 8, V, O,, m, Vpc and Vpcg
AX=J"[A E]

v

Update the value of
X V= XY+ AX

y

End

Fig. 5.3: Flow chart of the proposed approach with IDCPFC

the chapter [83]. The converter loss constants ‘a;’, ‘b;” and ‘c;’ are chosen to be
0.011, 0.003 and 0.0043, respectively [18], [92], [95]. The initial values of all the
variable DC voltage sources (Vpcsy Vy, 1 <y < z) were chosen as 0.001 p.u. In all
occurrences, a termination error tolerance of 107'° p.u. was selected. ‘NI’ and ‘CT’
denote the number of iterations and the computational time in seconds, pertaining to a
1.99 GHz Dell PC. In all the results given in Tables 5.1 - 5.6, the values of bus
voltage magnitudes, current magnitudes, active and reactive powers and droop control
gains are denoted in p.u. while phase angles of voltage phasors are denoted in

degrees.

5.5.1 Study of three terminal VSC-HVDC network incorporating

IDCPFC

Case I: DC link current control using IDCPFC
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In this study, at first, a three terminal VSC-MTDC grid is integrated with the IEEE-
300 bus test system at buses 266, 270 and 271 and the AC-MTDC power-flow is
carried out. For this analysis, DC slack bus control is assumed (‘Vp¢;’ is specified).
The power-flow solution is shown in the first row of Table 5.1, with the line current in
the DC link between DC buses 1 and 2 computed to be 0.093 p.u. Subsequently, a
IDCPFC (having two variable DC voltage sources) is incorporated in the 3-terminal
VSC-MTDC grid integrated with the IEEE 300-bus test network and the AC-MTDC
power-flow is again carried out. The IDCPFC is used to control the line current in the
DC link between DC buses 1 and 2 to a specified value of 0.12 p.u. (the DC link
current without any IDCPFC is 0.093 p.u.). The specified quantities for this study are
shown in the rows 3-11 and columns 1-2 of Table 5.1. The power flow solution with

the IDCPFC is shown in the rows 3-11 and columns 3-4 of Table 5.1.

Table 5.1

Study of IEEE 300 bus system with three terminal VSC HVDC network
incorporating IDCPFC in DC current control mode

AC-MTDC power-flow without any IDCPFC (VSCs connected to AC buses 266, 270 and 271)
Pshz = 0.3; Qsnz = 0.1; Fspz = 0.25 Qspz = 0.09;Vpey = 3.05 Vpep = 2.9991;
Vpcs = 2.9992; Ipcy, = 0.093; NI=6; CT=1.45;
AC-MTDC power-flow with IDCPFC
Given Solution
quantities AC buses VSCs
Vaes | 1.02 Oghy, = —14.2881; 04, = —9.7713;
Vbca 3.0 Bsns = —11.6866; Vpcp = 2.9991;
Py 0.3 Vpes = 2.9989; m; = 0.9894;
Qez | 0.1 Vy70 = 1.0202; m, = 0.9721; m; = 1.0099;
Pens 0.2 Vz71 = 1.0619; IDCPFC
0266 = —11.3851; Vpes: = —0.000254; Vs, = 0.00056;
Qsnz | 0.09 0270 = —11.4005; Ipciz = 0.0548; Pycyp = 0.36;
0271 = —12.6900; Ppciz = 0.1645;
IDCPFC DC power Converter Loss (%)
Ppcy = 0.5245; Poss1 = 1.44;
1 012 Ppcy = —0.3124; Possz = 1.23;
DC12 ' Ppcz = —0.2118; Posss = 1.18;
NI=6; CT=1.52;
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Subsequently, a study is conducted on the same AC-MTDC network but with the
VSCs now connected to AC buses 268, 272 and 273. The AC-MTDC power-flow
solution without any IDCPFC is shown in the first row of Table 5.2, with the current
in the DC link between the DC buses 1 and 3 computed to be 0.1098 p.u.
Subsequently, a IDCPFC (having two variable DC voltage sources) is again
incorporated in the 3-terminal VSC-MTDC grid integrated with the IEEE 300-bus test
network and the AC-MTDC power-flow is again carried out. The IDCPFC maintains
the DC current between DC buses 1 and 3 to a value of 0.12 p.u (the DC link current
without any IDCPFC is 0.1098 p.u.). The specified quantities for this study are shown
in the rows 3-11 and columns 1-2 of Table 5.2. The AC-MTDC power flow solution

with the IDCPFC is shown in the rows 3-11 and columns 3-4 of Table 5.2.

Table 5.2

Study of IEEE 300 bus system with three terminal VSC HVDC network
incorporating IDCPFC in DC current control mode

AC-MTDC power-flow without any IDCPFC (VSCs connected to AC buses 268, 272 and 273)
Pspz = 0.35; Qsnz = 0.1; Pz = 0.3; Qspz = 0.1;Vpey = 3.0; Vpep = 2.9988; Vy65 = 0.98;
Vpcz = 2.9989; Ipcq3 = 0.1098; NI=6; CT=1.45,

AC-MTDC power-flow with IDCPFC

Given quantities Solution
AC buses VSCs
Vaes 0.98 Oghy = —43.2336; Oy, = —29.2839;
Vb1 3.0 B = —5.1793;Vpe = 2.9988;
Peho 0.35 _ ) Vpcz = 2.9989; m; = 0.9418;
Qunz 0.1 %Z - 18222 m, = 0.9615; m; = 0.9874;
Pons 03 | 0,6 = —39.1739; IDCPFC
Qsh3 0.1 6272 — —312289, VDCSl = 000016, VDCSZ = - 000014,
0,75 = —6.7581; Ipciz = 0.0815; Ipcyz = 0.0933; Ppcyp = 0.2444;
IDCPFC DC power Converter Loss (%)
Ppci = 0.6754; Poss = 1.54;
I 012 Ppc, = —0.3628; Ploss2 = 1.26;
DC13 ' Phcs = —0.3124; Plossz = 1.23;
NI=6; CT=1.51,
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The convergence characteristics corresponding to the base case, study of row 1 of
Table 5.1 (without IDCPFC) and rows 3-5 of Table 5.1 (with IDCPFC) are shown in

Figures 5.4, 5.5 and 5.6 respectively.

Similarly, the convergence characteristic plots for the study of row 1 of Table 5.2
(without IDCPFC) and rows 3-5 of Table 5.2 (with IDCPFC) are shown in Figures
5.7 and 5.8 respectively. From Figures 5.4-5.8, it is observed that the AC-MTDC
power-flow solutions with the IDCPFC demonstrate quadratic convergence
characteristics, similar to the base case power-flow. Also, the convergence pattern is
independent of the MTDC grid location and the IDCPFC operating point

specifications.

Variation of Error with Number of Iterations

Error in p.u.

RN

o
AN
o

1 2 3 4 5 6
Number of iterations

Fig. 5.4: Convergence characteristic for the base case power flow in IEEE-300 bus

system
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Variation of Error with Number of Iterations

Error in p.u.

I 2 3 4 5 6
Number of Iterations

Fig. 5.5: Convergence characteristic for the case study of row 1 in Table 5.1

Variation of Error with Number of Iterations

Error in p.u.
=

10

I 2 3 4 5 6
Number of Iterations

Fig. 5.6: Convergence characteristic for the case study of rows 3-11 in Table 5.1
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Variation of Error with Number of Iterations

Error in p.u.

I 1 I I

| 2 3 4 5 6
Number of Iterations

Fig. 5.7: Convergence characteristic for the case study of row 1 in Table 5.2

Variation of Error with Number of Iterations

Error in p.u.

1 2 3 4 5 6
Number of Iterations

Fig. 5.8: Convergence characteristic for the case study of rows 3-11 in Table 5.2

The bus voltage profiles for the studies of Table 5.1 and Table 5.2 are depicted in

Figures 5.9 and 5.10, respectively. From Figures 5.9 and 5.10, it is observed that the
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bus voltage profiles of the AC-MTDC system including IDCPFC do not alter much

from that o

f the base case except the AC buses at which the VSCs are connected.

(a) Bus Voltage Magnitude of base case

1.2 T T T
=
2 AWM I I A A ™
0.8 ‘ ‘ ‘ ‘ ‘
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(b) Bus Voltage Magnitude of integrated AC-DC system incorporating IDCPFC
1.2 T T
=
2 A g Vg IV WA VA, b
0.8 | | | | |
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(c) Bus Voltage Magnitude Difference
0.1 T T T
=
0.1 I I I I I
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Fig. 5.9: Bus voltage profile for the study of Table 5.1
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Fig. 5.10: Bus voltage profile for the study of Table 5.2
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Case II: DC link power control using IDCPFC

In this study, at first, a three terminal VSC-MTDC grid is integrated with the
IEEE-300 bus test system at buses 266, 270 and 271 and the AC-MTDC power-flow
is carried out. For this analysis, DC slack bus control is assumed (‘Vp¢;’ is specified).
The power-flow solution is shown in the first row of Table 5.3, with the sending end
line power in the DC link between DC buses 1 and 3 computed to be 0.2454 p.u.
Subsequently, a IDCPFC (having two variable DC voltage sources) is incorporated in
the 3-terminal VSC-MTDC grid integrated with the IEEE 300-bus test network and
the AC-MTDC power-flow is again carried out. The IDCPFC is used to control the
sending end power in the DC link between DC buses 1 and 3 to a specified value of
0.28 p.u. (the sending end DC link power without any IDCPFC is 0.2454 p.u.). The
specified quantities are shown in rows 3-11 and columns 1-2 of Table 5.3. The AC-
MTDC power flow solution with the IDCPFC is shown in the rows 3-11 and columns

3-4 of Table 5.3.

Subsequently, a study is executed on the same three terminal AC-MTDC
network but with the three VSCs connected to AC buses 268, 272 and 273. The AC-
MTDC power-flow solution without any IDCPFC is shown in the first row of Table
5.4, with the sending end power flow in the DC link between the DC buses 1 and 2
computed to be 0.3461 p.u. Subsequently, a IDCPFC (having two variable DC voltage
sources) is incorporated in the 3-terminal VSC-MTDC grid integrated with the IEEE
300-bus test network and the AC-MTDC power-flow is again carried out. The
IDCPFC is used to control the sending end power in the DC link between DC buses 1
and 2 to a specified value of 0.36 p.u. (the sending end DC link power without any

IDCPFC is 0.3461 p.u.). The specified quantities are shown in the rows 3-11 and
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columns 1-2 of Table 5.4. The AC-MTDC power flow solution with the IDCPFC is

shown in the rows 3-11 and columns 3-4 of Table 5.4.

Table 5.3

Study of IEEE 300 bus system with three terminal VSC HVDC network
incorporating IDCPFC in DC power control mode

AC-MTDC power-flow without any IDCPFC (VSCs connected to AC buses 266, 270 and 271)
Psnz = 0.3; Qsnz = 0.1; Popz = 0.2; Qgpz = 0.09;Vpeq = 3.0; Vpcz = 2.9991;
Vpcs = 2.9992; Ppcq3 = 0.2454; NI=6; CT=1.45;

AC-MTDC power-flow with IDCPFC

Given

Solution
quantities AC buses VSCs
Vaes 1.02 Ogny = —14.2879; 0, = —9.7712;
Vbey 3.0 Bghz = —11.6866; Vpe = 2.9990;
Psha 0.3 _ ) Vpesz = 2.9992; m; = 0.9894;
Qsh2 0.1 Vazo = 1.0202; m, = 0.9721; m; = 1.0097;
s V7, = 1.0619;
Pshs 0.2 066 = —11.3850; IDCPFC
Quns 0.09 0,70 = —11.4005; Vpes: = 0.00018; Vpes, = — 0.00016;
0,7, = —12.6899; Ipciz = 0.116; Ipcy3 = 0.0933; Ppeqp, = 0.3481;
IDCPFC DC power Converter Loss (%)
Ppci1 = 0.5244; Ploss1 = 1.44;
Ppcz = —0.3124; Possz = 1.23;
Pocis 0.28 Ppcz = —0.2118; Ploss3 = 1.18;
NI=6; CT=1.53;
Table 5.4

Study of IEEE 300 bus system with three terminal VSC HVDC network
incorporating IDCPFC in DC power control mode

AC-MTDC power-flow without any IDCPFC (VSCs connected to AC buses 268, 272 and 273)
Pspz = 0.35; Qsnz = 0.1; Pz = 0.3; Qspz = 0.1;Vpey = 3.0; Vpep = 2.9988; Vy65 = 0.98;
Vpcz = 2.9989; Pycq, = 0.3461; NI=6; CT=1.45;

AC-MTDC power-flow with IDCPFC

. .. Solution
Given quantities AC buses VSCs
Vaes 0.98 Oghy = —43.2335; 04, = —29.2837;
Vbes 3.0 Bshz = —5.1792; Vpc, = 2.9989;
Pino 0.35 Vpcs = 2.9989; m; = 0.9418;
Qshz 0.1 V,7, = 1.0086; m, = 0.9615; m; = 0.9874;
Pips 0.3 V273 = 1.0366;
: 0,65 = —39.1738; IDCPFC
Qs . 0,7, = ~31.2288; Vpcs1 = —0.000064; Vs, = 0.000074;
6273 — _675817 IDClZ = 012, PDC13 = 03571, IDC13 = 0119,
IDCPFC DC power Converter Loss (%)
Ppcy = 0.6754; Poss1 = 1.54;
Ppc, = —0.3628; Possz = 1.26;
Poci2 | 036 Poca = —0.3124; Plooes = 1.23;
NI=6; CT=1.52;
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The convergence characteristics corresponding to the studies of rows 3-11 of Table
5.3 (with IDCPFC) and rows 3-11 of Table 5.4 (with IDCPFC), are shown in Figures
5.11 and 5.12, respectively. From Figures, 5.11 and 5.12, it is observed that the AC-
MTDC power-flow solutions with the IDCPFC demonstrate quadratic convergence

characteristics, similar to the base case power flow.

The bus voltage profiles for the studies of Table 5.3 and Table 5.4 are shown
in Figures 5.13 and 5.14, respectively. Again, from Figures 5.13 and 5.14, it is
observed that the bus voltage profiles do not change much from that of the base case

except at the AC terminal buses to which the VSCs are connected.

Variation of Error with Number of Iterations
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Fig. 5.11: Convergence characteristic for the case study of rows 3-11 in Table 5.3
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Variation of Error with Number of Iterations
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Fig. 5.12: Convergence characteristic for the case study of rows 3-11 in Table 5.4

(a) Bus Voltage Magnitude of base case

1.2 T T T
5 IMWWMWWWWWWMWWW
Q.
0.8 Il Il Il Il
1 50 100 150 200 250 300

(b) Bus Voltage Magnitude of integrated AC-DC system incorporating IDCPFC
2

1.

S AR i i el WA R ot
o

08 | | | | |
1 50 100 150 200 250 300
(c) Bus Voltage Magnitude Difference
0.1 T T T
5 9 -~
= WV
-0.1 .

| | | |
50 100 150 200 250 300
Bus Number

Fig. 5.13: Bus voltage profile for the study of Table 5.3
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(a) Bus Voltage Magnitude of base case
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Fig. 5.14: Bus voltage profile for the study of Table 5.4

5.5.2 Study of five terminal VSC-MTDC network incorporating

IDCPFC

Case I: DC current control by using IDCPFC

In this study, at first, a five terminal VSC-MTDC grid is integrated with the IEEE-300
bus test system at buses 266, 270, 271, 272 and 273 and the AC-MTDC power-flow is
carried out. DC slack bus control is assumed (‘Vpc ’ is specified). The power-flow
solution is shown in the first row of Table 5.5, with the line current in the DC link
between DC buses 1 and 2 computed to be 0.111 p.u. Subsequently, a IDCPFC
(having two variable DC voltage sources) is incorporated in the 5-terminal VSC-
MTDC grid integrated with the IEEE 300-bus test network and the AC-MTDC
power-flow is again carried out. The IDCPFC is used to control the current in the DC
link between DC buses 1 and 2 to a specified value of 0.13 p.u. (the DC link current

without any IDCPFC is 0.111 p.u.). The specified quantities are shown in rows 3-11
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and columns 1-2 of Table 5.5. The AC-MTDC power flow solution with the IDCPFC

1s shown in the rows 3-11 and columns 3-4 of Table 5.5.

The convergence characteristic for the study of row 1 of Table 5.5 (without IDCPFC)
and rows 3-11 of Table 5.5 (with IDCPFC), are shown in Figures 5.15 and 5.16,
respectively. From Figures 5.15 and 5.16, it is observed that the proposed AC-MTDC
model incorporating IDCPFC in line current control mode possesses quadratic

convergence characteristics, similar to the base case power flow.

Table 5.5

Study of IEEE 300 bus system with five terminal VSC HVDC network
incorporating IDCPFC in DC current control mode

AC-MTDC power-flow without any IDCPFC
Piz = 0.3; Qg = 0.2; Pz = 0.2; Qgpz = 0.09; Py =0.3; Py = 0.5;
Vass = 1.02; Va7, = 0.99; V73 = 1.01; Vpey = 3.0; Vpep = 2.9953; Vpez = 2.9959;
Ipciz = 0.111; NI=6; CT=2.13;

AC-MTDC power-flow with IDCPFC
(VSCs connected to AC buses 266, 270, 271, 272 and 273)

Given quantities Solution
AC buses VSCs
Voo 1.02 Ogp1 = —18.8296; Oy, = —9.9487; Og3 = —4.1515;
Vo | 099 Osna = —1.7755; Ogps = 3.6692;
V73 1.01 Vbea = 2.9982; Vpes = 2.9979; Vpe, = 2.9983;
v 10 Vpes = 2.9982; m; = 1.0059; m, = 0.9819;
DC1 : m,; = 0.9652; m, = 0.9247 ; m. = 0.9546;
5 03 0266 = —11.5366;
Qshz 0.2 0,,0 = —11.5562; IDCPFC
Pshz 02 0,,, = —5.2515; Vpes: = 0.0005; Vpeg, = 0.0023;
Qsh3 009 0,7, = —3.5532; Ipcys = —0.0255; Pycyp = 0.39; Pyeys = —0.0766;
Psh3 03 0,,5 = 0.8651;
PSM 0'5 Va70 = 1.0206; DC power Converter Loss (%)
Sh&I;DCPFC. Vz71 = 1.0137; Ppci = 1.3517; Poss = 2.37;
Ppe = —0.3127; Possz = 1.26;
Pycs = —0.2119; Posss = 1.19;
: 013 Py = —0.3125; Possa = 1.24;
DC12 : PDCS = _05138, P]OSSS = 135,
NI=6; CT=2.19;
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Fig. 5.15: Convergence characteristic for the case study of row 1 of Table 5.5
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Fig. 5.16: Convergence characteristic for the case study of rows 3-15 in Table 5.5

The bus voltage profile for the study corresponding to rows 3-11 of Table 5.5
is shown in Fig. 5.17. Again, from Fig. 5.17, it is observed that the bus voltage profile
does not alter much from that of the base case study except at the AC terminal buses

connected to the VSCs.
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(a) Bus Voltage Magnitude of base case
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Fig. 5.17: Bus voltage profile for the study of Table 5.5

Case II: DC link power control using IDCPFC

In this study, at first, a five terminal VSC-MTDC grid is integrated with the IEEE-300
bus test system at buses 266, 270, 271, 272 and 273 and the AC-MTDC power-flow is
carried out. DC slack bus control is assumed (‘Vpc ’ is specified). The power-flow
solution is shown in the first row of Table 5.6, with the sending end line power in the
DC link between DC buses 1 and 3 computed to be 0.3127 p.u. Subsequently, a
IDCPFC (having two variable DC voltage sources) is incorporated in the 5-terminal
VSC-MTDC grid integrated with the IEEE 300-bus test network and the AC-MTDC
power-flow is again carried out. The IDCPFC is used to enhance the sending end
power-flow in the DC link between DC buses 1 and 3 to a specified value of 0.35 p.u.
(the sending end DC link power without any IDCPFC is 0.3127 p.u.). The specified
quantities are shown in rows 3-11 and columns 1-2 of Table 5.6. The AC-MTDC
power flow solution with the IDCPFC is shown in the rows 3-11 and columns 3-4 of

Table 5.6.
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The convergence characteristic plot for the study of rows 3-11 of Table 5.6 (with
IDCPFC) is shown in Fig. 5.18. From Fig. 5.18, it is observed that the proposed AC-
MTDC model including IDCPFC employing DC link current control possesses
quadratic convergence characteristics, similar to the base case power flow. The bus
voltage profile for the study of rows 3-11 of Table 5.6 is shown in Fig. 5.19. From
Fig. 5.19, it is observed that the bus voltage profile with the IDCPFC does not change
much from that of the base case power-flow, except at the AC terminal buses

connected to the VSCs.

Table 5.6

Study of IEEE 300 bus system with five terminal VSC HVDC network
incorporating IDCPFC in DC power control mode

AC-MTDC power-flow without any IDCPFC
Pshz = 0.3; Qgnp = 0.2; Pz = 0.2; Qg = 0.09; Py =0.3; B, = 0.5;
Vo6 = 1.02; Vy7, = 0.99; V,,5 = 1.01; Vpey = 3.0; Vpey = 2.9953; Vpesz = 2.9959;
Ppc13 = 0.3127; NI=6; CT=2.13;

AC-MTDC power-flow with IDCPFC
(VSCs connected to AC buses 266, 270, 271, 272 and 273)

Given Solution
quantities AC buses VSCs
Voo | 1.02 Ong = —18.8301; O, = —9.9489;
Vy,, | 0.99 Ogns = —4.1517;
V,s | 101 Oy = —1.7757; 045 = 3.6690;
Vpey = 2.9977; Vpe = 2.9982; Vpey = 2.9983;
Vper | 3.0 Vpes = 2.9981; m; = 1.0059; m, = 0.9821;
0,66 = —11.5366; m, = 0.9651; m, = 0.9247 ; m; = 0.9546;
Py | 03 0,70 = —11.5564; IDCPFC
Qs | 02 0,71 = —5.2517; Vpee; = 0.0026; Vpeep = 0.0006;
Py. | 02 0377 = —3.5534; Ipcip = —0.0294; Ipcys = 0.1167; Pocs
Qqns 0.09 0,753 = 0.8649; = —0.0883;
Psha 0.3 Varo _ 1'0206f DC power Converter Loss (%)
Psns | 0.5 Var = 10137; Poe; = 1.3518; Ploges = 2.37;
IDCPEC DC1 — +- ’ loss1 — 4«97/,
Ppc =—-0.3127; Poss = 1.26;
Ppcz = —0.2119; Poss = 1.19;
Ppc = —0.3125; Poss = 1.24;
Pocra | 035 Ppes = —0.5138; Posss = 1.35;
NI=6; CT=2.17,
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Fig. 5.18: Convergence characteristic for the case study of rows 3-15 in Table 5.6
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Fig. 5.19: Bus voltage profile for the study of Table 5.6

5.6 Conclusions
This chapter presents a generalized approach to the development of unified Newton

power-flow models of VSC based hybrid AC-DC systems incorporating IDCPFCs.
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The IDCPFC is a DC power-flow controller used for the power-flow management of
DC grids. The proposed model has been implemented with IDCPFC in three and five
terminal MTDC grids integrated with the IEEE 300-bus test network. The

convergence characteristics validate the model.
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Chapter 6

Newton Power Flow Modeling of Voltage Source
Converter (VSC) Based Hybrid AC-DC Systems
with Renewable Energy Sources

6.1 Introduction

Due to the ever increasing demand of electrical energy and environmental
concerns, both the industry and the academia have been focusing on the harnessing of
renewable energy sources, particularly the integration of offshore renewable energy
sources [19]-[21]. In order to integrate such remotely located energy sources with the
AC grid, multi-terminal VSC based HVDC (MVDC) systems have been proposed
over conventional HVDC which can connect different offshore stations at the same
voltage or at different voltages.

Now, for planning, operation and control of AC-MVDC systems integrated
with renewable energy sources, their Newton power-flow models are required. As
already discussed in the previous chapters, MVDC systems can employ DC slack bus
control or DC voltage droop control for operation. A power-flow model should

include both these control strategies for completeness.
6.2 Modeling of AC-MVDC systems incorporating renewable energy
sources

The assumptions adopted for modeling are similar to those in Chapter-3 of this thesis.
Fig. 6.1 shows a ‘p’ bus HVDC grid integrated with a ‘n’ bus AC power system

network. The interfacing of the HVDC grid with the AC network takes place at ‘q’ (q
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< p) AC buses through ‘q” VSCs and their respective converter transformers. The DC
sides of these ‘q” VSCs are connected in the PTP configuration and constitute part of
the larger ‘p” bus DC grid. The rest of the ‘(p-q)’ DC buses are appropriately
interfaced (through AC/DC converters) with offshore wind farms (OWFs). Without
loss of generality, it is assumed that the ‘q” VSCs are connected to AC buses ‘i’,
‘(i+1)’, and so on, up to bus ‘(i+q-1)’, through ‘q’ converter transformers and the “(p-

q)’ OWFs are interfaced with DC buses ‘(q+1)’, ‘(q+2)’ and so on, up to DC bus ‘p’.

Wind Farm 1
AC/DC
DC Bus Converter 1 \/
Viz 6 VSC 1 DC Bus 1 Roc (@+D) E ‘
Bus %
&
Vsc 2 AC/DC Wind Farm 2
\VI s Converter 2 \/
U
Bus % £
£ E

Converter (p-q)

ot H%*{T T - "5 *{T%&

DC Bus p

1
|
|
| .
Wind Farm (p-q)
1 Roc
Vitg1 £ Big1 VSC q Roc § j Roc AC/DC

Fig. 6.1: Schematic diagram of hybrid AC-MVDC system with offshore wind farms

Fig. 6.2 shows the equivalent circuit for the network shown in Fig. 6.1. In Fig. 6.2,
each of the ‘q” VSCs is represented as a fundamental frequency, positive sequence
voltage source. Thus, V,, represents the voltage phasor pertaining to the a" (1<a<
q) VSC. Each converter transformer is represented by its leakage impedance. The a®

(1 <a<q) VSC is connected to AC bus ‘(i+a-1)" whose voltage is represented by the
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V. through the a™ converter transformer. All the ‘(p-q)’ DC

i+a-

phasor V.

i+al— 1 AY

i+a-1°

buses with renewable energy sources are represented as DC power injections.

Vi6; Vet 201 DC Bus | Roc DC Source 1

Bus

(3%

Psh1+j Qshl

Vi+1 Leiﬂ

Iy ym
4—

Bus
‘i_+_17

Psh2+j Qsh2

Visg1 £051¢1

Bus
£i+q_1ﬂ

P shq+sthq

Fig. 6.2: Equivalent circuit of hybrid AC-MVDC system with offshore wind farms

In Fig. 6.2, let Ry, and X, be the resistance and the leakage reactance of the
converter transformer of the a™ (1 <a<q) VSC, respectively. Also, lety =1/Zg,,
where Zg, = Rga + j Xgna- Then, from Fig. 6.2, the current in the link (not shown)

connecting the a™ VSC to its AC terminal bus ‘(ita-1)" is

lsha = YSha(Vsha - i+a—1) (61)
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where Vgpa= Vgnal Ona=m, ¢ Vpca £040,. In the above equation, ‘m,” and ‘Vp¢,’ are
the modulation index and the DC side voltage of the a™ VSC, respectively, while
‘Ogna’ 1S the phase angle of Vg,,. ‘c’ is a constant which depends on the VSC

architecture [11].

Again, from Fig. 6.2, the net current injection at the AC bus ‘(i+a-1)’ connected to the

a™ (1 <a < q) VSC can be written as

n
fi4a1= z Y(i+a-1)k Vi-Ysha Vsha (6.2)
k=1

_yold
Where Yora-1y@ta- =Y (ra-1)Gra-1) T Ysha and

Y old

(+a-1)(+a-1) Y G +a10T ZE=1, Ketida-1 Y (ida-1)k AT€ the values of self admittances for the

bus ‘(i+a-1)" with the a™ VSC connected and in the original ‘n> bus AC system

without any VSC, respectively.

6.3 Power flow equations in the proposed model of hybrid VSC-

HVDC System with Renewable Energy Sources

Now, from Fig. 6.2, at the AC bus ‘(i+a-1)’ pertaining to the a™ VSC, it can be shown

that the net active and reactive power injections are

n
l:)i+a—1 :Z Vi+a—1VkY(i+a—l)k Cos [ei+a—l' ek' ¢(i+a-1)k] -m,C VDCaVi+a—IYSha COS(9i+a_1- esha' ¢sha) (63)
k=1

n
Qi+a-1 = Z Vi+a—1VkY(iJra—l)kSin [ei+a—l - ek' ¢(i+a-1)k] -m,C VDCaVi+a—IYSha Sin(ei+a—l - esha' ¢sha) (64)
k=1

where ‘¢, "’ is the phase angle of y ..
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In addition, from Fig. 6.2, it can be shown using eqn. (6.2) that the active and reactive
power flows at the terminal end of the link interconnecting the a™ VSC to the AC bus

‘(i+a-1)’ are
Psha: m,C VDCaViJra—IYSha COS(eHa—l' esha' d)sha) - Vi2+a—1YSha Cos (I)sha (65)

Qsha: m,C VDCaVi+a—IYSha Sin(ei+a—1' esha' d)sha) + Viﬁ-a—leha sin ¢sha (66)

Also, from Fig. 6.2, by virtue of the power balance on the AC and DC sides of the a™

VSC,

p
Re(Vana Lina) + ) VocaVocuYcay = —Rossa (6.7)

v=1

Substitution of eqn. (6.1) in eqn. (4.7) gives

p
(mac VDCa) 2 YShaCOSq)sha — m,C VDCaVi+a—1YSha Cos(esha - ei+a\—1 - d)sha) + Z VDCaVDCVYDCav

v=1
+ Pgssa = 0

or,fj, =0 V1<a<q (6.8)

Thus, for ‘q” VSCs, ‘q’ independent equations are obtained.

In eqns. (6.7) and (6.8), Ypcay = — = ! , where ‘Rpcay’ 18 the resistance of the DC

DCav

link between DC buses ‘a’ and ‘v’. Also, ‘Pyssa’ represents the losses of the a®™ VSC

as already detailed in Chapter 3 and is again given below.

Possa = a1 + by Isna + €1 1, (6.9)
where ‘a;’, b; ©” and ‘c;’ are loss factors [18], [92] and
Isha = Ysha [Vac1 + (Ma€Voea) ? = 2 Visam1 My € Vi €05(O14a—1 — Osna)] /2 (6.10)
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The derivation of eqn. (6.10) is given in Appendix A.

Now, in the AC-MTDC system (Fig. 6.2) with ‘q” VSCs, if it is assumed that the -

(1 <r<q) VSC is used for voltage control of its corresponding AC bus, we have
Vit Vi =0 Va, l1<a<gq, a=r 6.11)

Also, not more than ‘(q-1)’ line active and reactive power flows {eqn. (6.5) and (6.6)}

can be specified, which give us ‘(2q-2)’ independent equations given as
P, -Pi=0 (6.12)

Q,-QE-0 (613)
Val<a<gq a#r.
Instead of PQ control mode, if a VSC operates in the PV one, eqn. (6.13) changes to
VP VB =0  Va, I<a<gq a#r (6.14)

Further, the net reactive power injection at AC bus ‘(i+r-1)’ can be specified as its

voltage is controlled by the '™ VSC. Thus, we get

QP ,—QBl_,=0 Vva I<a<q, a=r (6.15)

cal
i+a-1°

In eqns. (6.11)-(6.15), V1 T QP and Q2P are specified values while V

i+a—-1° sha sha

Qfal ., PS and Q%2L are calculated values {using eqns. (6.4), (6.5) and (6.6)}.
6.4 Modeling of AC-MTDC systems employing DC slack bus control

In Fig. 6.1, if it is assumed that ‘g’ generators are connected at the first ‘g’ buses of

the ‘n” bus AC system with bus 1 being the slack bus, then the Newton-Raphson
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power flow model of the ‘n” bus AC system integrated with a ‘p’ terminal DC

network with ‘(p-q)’ offshore wind farms is written as

Compute: 8, V, X

Given: P,Q,R

with

0= [0, ..0,]", V= [Vgs . Vo]", Og = [Oghs - Osng] > m = [my ..mg]’s Ve = [Voca - Vcp]”
X=[0g m" V5"

P=1[P,..P]", Q= [Qgs1 - Qnl", Psh = [Psh -Psnql - Qsh = [Qshz - Qshq]

f1 = [f11 . fig]. Pocwr = [Pocwr1 - Pocwrp-qls R = [Psh Qsh Visr—1 f1 Pocwr]”

In this model, DC slack bus control is assumed with the master VSC ‘r’ controlling
the voltage magnitude of its AC terminal bus ‘(i+r-1)’ unlike the other ‘(q-1)’ slave

VSCs which control the line active and reactive power flows.
The Newton power flow equation is

J[AOT AVT ABg,T AmT AV T = [APT AQT ART]T (6.16)
where J is the power-flow Jacobian.

In eqn. (6.16), ‘AP’, ‘AQ’ and ‘AR’ represent the mismatch vectors while A®,

AV,AQg, , Am and AVp represent the correction vectors.

6.5 Modeling of AC-MTDC Systems with DC Voltage Droop Control

208



6.5.1 Types of DC voltage droop control

As already mentioned in Chapter 4, in DC voltage droop control [24]-[29],
multiple converters participate in the DC voltage control scheme. Droop control
comprises either linear voltage droop characteristics like voltage-power (V-P) or
voltage-current (V-I) droops or nonlinear voltage droop characteristics with dead-

bands and limits.

1. Voltage-Power (V-P) Droop

If the a™ VSC follows a linear V-P droop characteristic, its rectifying power can be

expressed as

Ppca = Ra(VI;Ca - VDCa) + P];Ca (6'17)

2. Voltage-Current (V-1) Droop

If the a™ VSC follows a linear V-I droop characteristic; the net DC current injection at

its terminal can be expressed as

Ipca = Ra(Vpca = Vbca) + Inca (6.18)
Thus, the rectifying power of the VSC can be expressed as

Poc = Vpca [Ra(Vbca — Vbea) + Ipcal (6.19)

In eqns. (6.17), (6.18) and (6.19), ‘Vic.’, ‘Poca’ and ‘Ipc,’ represent the DC voltage,
power and current references of the droop characteristics, respectively while ‘R,’ is

the droop control gain.

Computation of ‘Vp¢,” and ‘Ppc,’
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As already mentioned in Section 4.4 of Chapter 4, the values of the DC power
and current references ‘Pyc,” and ‘Ipc,” in eqns. (6.17) and (6.18) for all the ‘q’

converters are either pre specified or obtained from a DC power-flow.

3. Voltage-Power (V-P) Droop with dead-band

As already described in Chapter 4, if the a" VSC (1 < a < q) follows a nonlinear
voltage droop characteristics with dead-band and voltage limits as shown in Fig. 6.3,

the droop characteristic can be expressed as

l:“DCa = Ra max(VDCa max VDCa) + [Ra (VSCa high — VDCa max) + PD*Ca] for VDCa = VDCa max (6-20)

=R, (VSCa high — VDCa) + Poca for Vpca high < Vpca < Vbcamax (6.21)
=0.(Vpca high — Vbca) + Poca for Vicatow < Vbca < Vbcahign (6.22)
= Ra (Vl;Calow - VDCa) + PD*Ca for V]’SCa min < VDCa < VI;F)Calow (6-23)

= Ra max(vDCa min — VDCa) + [Ra (Vl;Calow - vDCa min) + PSCa] for VDCa < VDCa min (6-24)

Vica
A
Ra max
A==
[Vbca mas
] .
Vica high
.
VDca low R,
/7 D
Ra ax
[Vbca min -=E
P Ppca max
'DCa min
< 1 | | » P
- Ll DCa

Inverter Rectifier

Fig. 6.3: Nonlinear Voltage Droop Characteristic of the a™ VSC
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4. DC voltage margin control
As already discussed in Chapter 4, the V-P characteristic pertaining to the DC voltage

margin control is shown in Fig. 6.4.

Vbca

*

v
DCaref

PDCa min PDCa ref P
1 L DCamax Ppcq

Inverter Rectifier

Fig. 6.4: Voltage Margin Characteristic of the a™ VSC
The inclusion of linear and nonlinear DC voltage droop control is accommodated in

the AC-MTDC model with renewable energy sources as shown below.

6.5.2 Implementation of DC voltage droop control in AC-MTDC

systems integrated with offshore wind farms

Let us assume now that all the ‘q” VSCs in the AC-MTDC system shown in Fig. 6.1
and 6.2 operate on droop control. To simplify matters, let all the ‘q> VSCs follow

linear V-P droops. Then, for the a™ vVSC (1 <a<q), from eqns. (6.17), we have
Poca = Vpcalpca = 2v-1 VbcaVpevYpcav = Ra (Vca = Vbca) + Poca
or, ¥h_1 VbcaVpey Yocav + RaVbca — RaVica — Poca = 0 (6.25)
or,f, =0 Va 1<ac<gq (6.26)
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Eqn. (6.26) represents ‘q’ independent equations.

Now, two distinctly different models can be realized depending on whether the values

of ‘Vpca” and Py’ are specified or not. These are elaborated below.

Model ‘A°: Values of Vpe, ' and ‘Ppcg are known apriori

In some cases, the values of ‘Vpc,” and ‘Pjc,’ for all the ‘q’ converters are pre-
specified [82], having been obtained from a DC power-flow, or otherwise. In such
cases, the ‘q’ independent droop equations represented by eqn. (6.26) along with “(p-
q)’ specified values of rectified wind farm power injections (Ppcwrs) are sufficient to
compute the values of the DC bus voltages ‘Vpc,’ directly, and subsequently, the DC
bus power injections ‘Ppc,’. Now, as already described in Section 4.5 of Chapter 4,
once ‘Ppc,’ are known, the active powers ‘Pg,” {eqn. (6.5)} in the lines joining the
‘(q-1)” VSC:s to their corresponding AC buses cannot be specified for the AC-MTDC
power-flow. This is not in line with practical considerations which are targeted to

maintain a specified ‘Pg,,’. This is a major drawback of the model.

Now, under the assumption that there are ‘g’ generators connected at the first
‘g’ buses of the ‘n’ bus AC system with bus 1 being the slack bus, the unified AC-

MTDC power-flow problem corresponding to model ‘A’ is of the form
Compute: 0,V, X

Given: P,Q R

where

0 =[0;...00]", V= [Vgrs . Vo]™, 04 = [Ogh - 0sng| > m = [my ..mg]", X =[0F, mT]T

P=[P,.. Pn]Ta Q= [Qg+1 Qn]T: Qsh = [Qsh - Qshq]a f; = [f1q "'flq]a R = [Qgp Vitr-1 fl]T
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For this model, it is presumed that VSC ‘r’ controls the voltage magnitude of the AC
bus ‘(i+r-1)’ unlike the other ‘(q-1)’ VSCs, which control the line reactive power

flows.
The Newton power flow equation is

J[ABT AVT ABg,T Am™]T = [APT AQT ART]T (6.27)
where J is the power-flow Jacobian.

In eqn. (6.27), ‘AP’, ‘AQ’ and ‘AR’ represent the mismatch vectors while A0,
AV,ABg, and Am represent the correction vectors. The elements of ‘J’ can be

obtained very easily from eqn. (6.27).

Thus, in Model ‘A’, if ‘Vj¢,” and ‘Pj¢,’ are known, ‘Vpc,” (1 <a<p) can be
solved using eqn. (6.25) and ‘(p-q)’ specified values of rectified wind farm power
injections (‘Ppcwrs’), independent of the AC-MTDC power-flow {eqn. (6.27)}.
Subsequent to the AC-MTDC power-flow, the rest of the unknowns are also solved

and the line active power-flows ‘Pg,,’ can be computed {using eqn. (6.5)}.

To summarize, Model ‘A’ addresses the problem “given the DC voltage and
power (or current) references of the VSC droop lines and the target line reactive

power flows, what should be the line active power flow values?”

Model ‘B’: Values of Vi and ‘Pp are not known apriori

If the DC voltage (‘Vp¢’) and power (‘Pyc’) reference values of the ‘q” VSCs
are not known, the DC bus voltages ‘Vpca’ (1 £ a < p) and hence the DC bus power
injections ‘Ppc,’ cannot be computed from the ‘(p-q)’ specified values of rectified

wind farm power injections (‘Ppcwrs’) only (it is assumed that q # 0). This enables
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the line active power-flow values ‘Pg,’ to be specified control objectives, which is in

line with practical MTDC control. This is an advantage over model ‘A’.

For the above modeling strategy, the unified AC-MTDC power-flow problem is of the

form

Compute: 0, V, X

Given: P,Q,R

with

0 =[0;..0,]", V=[Vges . Va]™, Bsh = [Osh1 - Osng] » m = [my ..mg]"s Ve = [Voc - Vicp]
X = [8g, m" V5]"

P=[P,..P]", Q = [Qgs1 -~ Qnl", Psh = [Psh --Psngl, Qsh = [Qshz - Qshql

f1 = [f11 - fiq], Pocwr = [Pocwr .....Ppcwrp-q)l

and R = [Pgy Qsh Visr—1 Vpcav f1 Pocwr]”

For this model too, it is presumed that VSC ‘r’ is employed for the control of the
voltage magnitude of the AC bus ‘(i+r-1)’ unlike the other ‘(q-1)’ VSCs, which

control the line active as well as reactive power flows.
The unified AC-MTDC power flow equation is
J[ABT AVT ABg,T AmT AVp"]T = [APT AQT ART]T (6.28)
where J is the power-flow Jacobian.

The values of ‘Vpc,” (1< a< p) are now obtained from the AC-MTDC

power-flow {eqn. (6.28)} and the DC bus power injections ‘Ppc,’ are computed.
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Thereafter, the DC voltage (‘Vpjc,’) and power (P)¢,) references of the droop lines of
the ‘q” VSCs can be computed from the ‘q’ droop equations along with the ‘(p-q)’
specified values of rectified wind farm power injections (‘Ppcwrs’), as elaborated

below.
From eqn. (6.19),
Poca + RaVbca — RaVpea — Poca = 0
or, Mh=1 VbcaVpevYpcav + RaVhca — RaVpca — Poca = 0 (6.29)

The values of ‘Vpey” (1 < a < p) and hence, ‘Ppc,’ obtained from the AC-MTDC
power-flow {eqn. (6.28)} are substituted in eqn. (6.29) above and the ‘p’ voltages
‘Vpca~ are solved using eqn. (6.29) along with the ‘(p-q)’ specified values of rectified
wind farm power injections (‘Ppcwrs’). The voltages (‘Vpc,’) corresponding to the q’
VSCs are taken as their DC voltage references. From the values of ‘Vj¢,’, the power

references ‘Ppc,” are computed.

Figures 6.5 and 6.6 depict the flow charts of the proposed approach for droop control

models A and Model B, respectively.
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Input values of Ppc*, Vpcay® and
PDCWF

Y

Solve DC power flow to compute
VDC*
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Ppcwr
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Input values of P**, Q*, Vg, Qqn
and f;
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variables 8, V, 84, and m
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Calculate the parametric error
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Output Results
No

Solve for 8, V, 8, and m
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v

Update the value of
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Calculate the value of Py, —

v

End

Fig. 6.5: Flow chart of the proposed approach (Model A)
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Input values of Py, Qgp, Visus, Psns
Qs » Vpcay » fi and Ppewr

Y
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v

Update the value of
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y

Input V])C g

v

Compute Vl)c*, Ppc* and IDC*
using droop equations

End

Fig. 6.6: Flow chart of the proposed approach (Model B)

6.6 Case Studies and Results
For validation of the above models, a large number of studies were carried out by
employing diverse DC voltage droop control strategies on MTDC grids embedded

within the IEEE 300-bus network [104]. In all the occurrences, the VSC constant was
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1

selected as ¢ = i

[11]. Also, for all the VSC coupling transformers, Ry, = 0.001

p-.u. and X, = 0.1 p.u. (Va, 1 < a < q). The converter loss constants ‘a;’, ‘b;” and
‘c;” were chosen as 0.011, 0.003 and 0.0043, respectively [18], [95]. For
interconnections between DC terminals, Rpcuy = 0.01 p.u.
Vuv, 1<u<gq, 1<v<q u#tv), has been selected throughout the chapter
[83]. In all occurrences, a termination error tolerance of 10™° p.u. was selected. ‘NI’
and ‘CT’ denote the number of iterations and the computational time in seconds,
pertaining to a 1.99 GHz Dell PC. In all the results given in Tables 4.1- 4.8, values of
bus voltage magnitudes, current magnitudes, active and reactive powers and droop
control gains are denoted in p.u. while phase angles of voltage phasors are denoted in

degrees.

6.6.1 Study of five terminal MVDC network with offshore wind

farms employing DC slack bus control

In this study, at first, a base case power flow (without any MTDC network connected)
was carried out. The results are shown in row 1 of Table 6.1. Subsequently, a five
terminal VSC-HVDC network with DC slack bus control is integrated with the IEEE-
300 bus system at AC buses 266, 270 and 292. Two offshore wind farms are
connected with DC buses ‘4’ and ‘5’ of the five terminal HVDC network. The master
converter is connected to bus no. 266 and operates in bus voltage control mode. The
slave converters are connected to AC buses 270 and 292 and operate in the PQ control
mode. The specified quantities are shown in rows 2-5 and column 1 of Table 6.1. The

power-flow solution is shown in rows 2-5 and column 2 of Table 6.1.

The convergence characteristic plots for the studies corresponding to row 1 of

Table 6.1 (base case) and rows 2-5 of Table 6.1 are shown in Figures 6.7 and 6.8,
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respectively. From Figures 6.7 and 6.8, it can be observed that the proposed AC-
MTDC model with offshore wind farms demonstrates quadratic convergence
characteristics, similar to the base case power-flow. The voltage profile corresponding
to this study is shown in Fig. 6.9. From Fig. 6.9, it is observed that the bus voltage
profile for the AC-MTDC power-flow is similar to the base case except at the

terminals at which the VSCs are connected.

Table 6.1

Study of IEEE 300 bus system with five terminal VSC HVDC network
incorporating OWFs (Slack control)

Base case power-flow (NI=6 and CT=0.56);
Viyge = 1.0112 — 11.24; Vo579 = 1.0112£ — 11.32; Vo9, =1 £ — 18.74
AC-MTDC power-flow with OWFs (Slack bus control)
Power Flow Solution
Given quantities Master Converter
Osn1 = —9.0873; m; = 0.9766;

Slave Converters
Vpcz = 2.9996; Ve = 2.9995;

Master Converter

\\/,266 =_13'002_; m, = 0.9692; m, = 0.9477;
ber == gy = —5.7444; O3 = —1.2441;
Slave converters .
Pshp = 0.45; AC terminal buse.s Wind farm terminals
Qupz = 0.06; V266 = —8.3208; Vcs = 3.0002;
PS‘“ 055 Vy70 = 1.0206 £ — 8.1996; VDC" 30002,
Q5h3 — 003 Vo2 = 1.00 £ — 4.3794; Des = 3504
sh3 — VY. 5
r DC power Converter Loss (%)
Rectifying power of
offshoi/e \%’il:ld farms Phcy = 0.1279; Poss1 = 1.18;
Pocwr =0.5; Ppcy = —0.4634; Poss2 = 1.32;
Pocwrz = 0.4" Ppcs = —0.5643; Possz = 1.4

NI=6; CT=1.24;
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Fig. 6.7: Convergence characteristic of row in Table 6.1

Variation of Error with Number of [terations

T T T T

—
S
n

Error in p.u.

—
=4
L
=)
T

1 2 3 4 5
Number of iterations

Fig. 6.8: Convergence characteristic of rows 2-6 in Table 6.1
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(a) Bus Voltage Magnitude of base case
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Fig. 6.9: Bus voltage profile for the study of Table 6.1

6.6.2 Study of five terminal MVDC network with offshore wind

farms employing DC voltage droop control
Based on the quantities specified, two AC-MTDC power-flow models have been
developed. These models are named as ‘Model A’ and ‘Model B’ and have been

described in Chapter 4 of this thesis.

Case I: Model-A employing Linear V-P and V-1 droop characteristics with
offshore wind farms
This study is similar to the study of Table 6.1 except that the VSCs are operated in the
linear DC voltage droop control mode. The VSCs connected to AC buses 266 and
270 are operated in V-P droop while the VSC connected to AC bus 292 operates in

the V-1 droop. Two offshore wind farms with rectifying powers Ppcwr1= 0.4 p.u. and
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Pocwrz2= 0.3 p.u. are injected into the DC grid at terminals 4 and 5, respectively. The

droop control gains of VSCs 1, 2 and 3 are set to 20, 15 and 10, respectively [24].

At first, a DC load flow is carried out to calculate the reference values of the droop
lines of the three VSCs. The results are shown in rows 2-4 of Table 6.2. Subsequently,
the DC grid bus voltages are computed by using the three droop equations and two
values of offshore wind farm power injections (Ppcwr and Ppcw ). The results are
given in rows 5-7 of Table 6.2. Finally, an AC-MTDC load flow is carried out. The
power-flow solution is shown in rows 8-10 of Table 6.2.

The convergence characteristic corresponding to the study of Table 6.2 is shown in
Fig. 6.10. From Fig. 6.10, it is observed that the AC-MTDC power-flow model with
offshore wind farms demonstrates a quadratic convergence characteristic, similar to
the base case. The bus voltage profile for this study is shown in Fig. 6.11. From Fig.
6.11, it is observed that the bus voltage profile hardly changes except at the AC buses

connected to the VSCs.

Subsequently, another case study is conducted on the same AC-MTDC system
by varying the rectifying power of the OWF connected at DC terminal 5 while
maintaining the rectifying power of the OWF connected at DC terminal 4 at a value of
0.4 p.u. The droop control gains of the VSCs are maintained identical to the previous
study of Table 6.2. Fig. 6.12 shows the variation of the voltage of the DC terminal-5
with the variation of the rectifying power of OWF (Ppcwr2) connected to it. It is also
observed that the number of iterations ‘NI’ is independent of the variation of the

injected value of Ppcwr, as shown in Fig. 6.13.
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Table 6.2

Study of IEEE 300 bus system with five terminal VSC HVDC network

incorporating OWFs (Model A)

Base case power-flow (NI=6 and CT=0.56);
Vogs = 1.011 2 — 11.24; Vyyp = 1.011 2 — 11.32;V,9, = 1.00 2 — 18.74;

DC power-flow

Given quantities Solution

DC power-flow converged in three iterations

Vicav=3;

P = 05, Vicy = 3.0006; Vac, = 2.9997; Vics = 2.9997;
bcz = 0-2; Pci = 0.9003; Ijcs = —0.1333;

Pics = 0.4;

NI=3; CT=0.02;

Computation of V¢ from droop eqns.

Given quantities

Solution

Vic, = 3.0006; Voo, = 2.9997;
Vs = 2.9997;
Pic, = 0.9003;

Picy = —0.5; T = —0.1333;
R; = 20; R, = 15;R; = 10;
Ppcwrr =0.4;

Ppcwrz = 0.3;

Vpcr = 3.0114; Vpe, = 3.0105; Vpes = 3.0104;

Vbca = 3.0112; Vpes = 3.0111;

NI=4; CT=0.08;

AC-MTDC power-flow with linear voltage droop control
(VSCs connected to AC buses 266, 270 and 292)

. - Solution
Given quantities AC buses VSC
0,66 = —9.0287; eghl ____152'3831194?'
Vpe1=3.0114; Vy70 = 1.02092 — 8.8407; Sh __ 2 i761"
Vbe, = 3.0105; Vaor = 1.002 — 1.8436; o 09795,
Vs = 3.0104; Py = —0.6472; = 09708
Vpes = 3.0112; Psn3 = —0.7077; mj — 0.9472;
V?/CS —_3-103;.1; DC Power Converter loss (%)
(2265?1 =0"1;' Ppcy = 0.6852; Poss1 = 1.54;
Qsh3 =0,05; PDCZ = —0.6619; l:'lossz = 1'47;
Ppcz = —0.7230; Poss3 = 1.53;
NI=6; CT=1.12;
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Fig. 6.10: Convergence characteristic of rows 8-10 in Table 6.2
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Fig. 6.11: Bus voltage profile for the study of Table 6.2
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Case II: Model-B employing Linear V-P and V-1 droop characteristics with

offshore wind farms
This study is similar to the study of Table 6.2 except that the VSC terminal end line
active powers Py, and Py, are specified in this study. At first, an AC-MTDC power-

flow is carried out with two OWFs connected at the terminals ‘4’ and ‘5’ of the DC
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grid. The powers specified for these two OWFs at terminals ‘4’ and ‘5° are 0.5 and
0.4, respectively. The other specified quantities are given in rows 3-9 and column 1-2
of Table 6.3. The power flow solution is shown in rows 3-9 and columns 3-4 of Table
6.3. Subsequent to the AC-MTDC power flow, the VSC droop equations are solved to

calculate the reference values of droop lines.

Table 6.3

Study of IEEE 300 bus system with five terminal VSC HVDC network
incorporating OWFs (Model B)

Base case power-flow (NI=6 and CT=0.56);
Vyeg = 0.96842 — 21.01; Vyyy = 0.98112 — 19.46;V,5 = 1.00582 — 17.47;

(VSCs connected to AC buses 268, 272 and 273)
Power flow of AC-MTDC system with OWFs

Gi fiti Solution
iven quantities
q AC buses VSCs
‘i‘;ca" 039(; Osh1 = —43.2335; Og,, = —29.2837;
268 ; 0y, =—5.1792; m, = 0.9347;
Poha 0.35 m, = 0.931; my = 0.9604;
Qshz 0.1 Vpe = 3.0008; Vp, = 2.9996;
P 03 | 0268 = —39.1737;
sh3 _ ) Vpe = 2.9997;
Q 01 6272 - _31.2288, . .
sh3 Wind farm terminals
6273 = _6.7581,
Vo 1.0086: Vpca = 2.9996;
272 = ~ ’ Vpcs = 2.9997;
Rectifying power of V273 = 1.0366;
offshore wind farms DC Power Converter loss (%)
Ppcwr: =0.5; Ppc1 = 0.6754; Poss1 = 1.5445;
Pocwrz = 0.4; Ppc, = —0.3628; Poss2 = 1.2643;
Ppcs = —0.3124; Poss3 = 1.2315;
NI=6; CT=1.22;

Computation of references Vp from droop eqns.

Vper = 3.0008; Vpey = 2.9996;
Vpe = 2.9997;
R, = 20; R, = 15; R, = 10;

Ve =3.0008; Vi = 2.9996; Viyes = 2.9997;

NI=4; CT=0.08;

The convergence characteristic corresponding to the study of rows 3-10 of
Table 6.3 is shown in Fig. 6.14. From Fig. 6.14, it is observed that the proposed
model demonstrates the quadratic convergence characteristics, similar to the base
case.
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Fig. 6.14: Convergence characteristic of rows 2-10 in Table 6.3

The bus voltage profile of the study corresponding to rows 3-10 of Table 6.3 is
shown in Fig. 6.15. From Figure 6.15, it is observed that by incorporating OWFs in
the DC grid of the integrated AC-DC system, the bus voltage profile of the AC system

does not change except at the AC buses connected to the VSCs.
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Fig. 6.15: Bus voltage profile for the study of Table 6.3
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Table 6.4

Study of IEEE 300 bus system with five terminal VSC HVDC network
incorporating OWFs with Droop Control and Dead-band at Operating Point A

Base case power-flow (NI=6 and CT=0.56);
Voo = 1.011 2 — 11.24; Vypp = 1.011 2 — 11.32;Vp9; = 1.00 2 — 18.74;
DC power-flow to calculate DC reference values

Specified Quantities Power flow solution
Vicy = 3.0006; Vi, = 2.9997;
Vicay = 3; Pica = — 0.5; Vi = 2.9997; Biey = 0.9003;
Pocs = —04; I5cs = —0.1333;
NI=3; CT=0.02;

AC-MTDC power-flow with linear voltage droop and nonlinear droop with dead-band
(VSCs connected to AC buses 266,270,292)

Specified Quantities Power flow solution

Control parameters DC terminal buses
Vpcq = 3.0182; Vpe, = 3.0174;
Vpcz = 3.0172; Vpgy, = 3.0182;
Vpc = 3.0181; Pyc,= 0.5483;

Ppco=-0.6178; Ppcs=-0.9300;

VDCmax =3.014; VE’Chigh =3.013; VE’Clow =
3.012; Vpemin = 3.009;
R, = 20; R, = 15; Ry, = 10;

R =30 DC Power Converter loss (%)
max = 21 Ppcy = 0.5483; Pos = 1.42;
Pocy = —0.6178; Possy = 1.43;
Ppcs = —0.93; Posss = 1.73;
Converter Control Mode VSCs
1 V-P droop 0.y = —11.0806; Oy, = —4.5244;
2 V-P droop with dead-band Osn3 = 8.5203; m; = 0.9736;
3 V-1 droop m, = 0.9664; m; = 0.9478;
AC terminal buses
0,66 = —8.0264;

Va7 = 1.02092 — 7.8054;

Vyee = 1.02; =0.08;
266 Qsha Vy02 = 1.00 £ 3.3494;

Qshz = 0.06; Ppcwr = 0.55;
PDCW = 0.45;

NI=6; CT=1.15;

Case III: Study of non-linear droop characteristics with offshore wind farms
This study is similar to the study carried out in Table 6.2 except that VSC 2 now
employs a nonlinear V-P droop with dead-band. The droop control gains are kept
identical to the studies of Table 6.2. At first, the reference values for the droop lines
are computed by solving the droop equations. The results are shown in rows 2-4 and

column 2 of Table 6.4. Subsequently, an AC-MTDC power flow is conducted. The
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results are shown in rows 5-9 and column 2 of Table 6.4. From the power flow results
shown in Table 6.4, it is observed that the VSC connected at AC bus 270 operates at
point ‘A’ of the characteristic (Fig. 6.3). The VSC connected to AC bus 270 is made
to operate at different operating points of non-linear droop characteristic (Fig. 6.3) by
varying the rectifying power of the OWFs. The results corresponding to the different
operating points of the non-linear droop characteristic (Fig. 6.3) are shown in Table

6.5.

Table 6.5

Different operating points for nonlinear V-P droop with dead band

PDCWF1 PDCWFz VDcz eshi eshi eshk Operating
pw | (pw | (pw (deg) (deg.) (deg.) point
0.55 0.45 3.0174 —11.0806 —4.5244 8.5203 A

04 0.3 3.0136 —12.4818 —6.1537 45117 B
0.35 0.3 3.0128 —12.7342 —6.3796 3.7126 C
0.25 0.3 3.0119 —13.2508 —6.8028 2.0315 D
0.2 0.2 3.0088 —13.9909 —7.5283 0.2422 E

The convergence characteristic corresponding to the study of rows 5-13 of Table 6.4
is shown in Fig. 6.16. From Fig. 6.16, it is observed that the proposed model
demonstrates excellent convergence characteristics, converging in six iterations. The
bus voltage profile for the studies of Table 6.4 is shown in Fig. 6.17. From Fig. 6.17,
it is again observed that in the presence of MTDC grid with OWFs, the bus voltage

profile do not alter much except at the AC buses at which the VSCs are connected.
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Fig. 6.16: Convergence characteristic of rows 5-13 in Table 6.4

(a) Bus Voltage Magnitude of base case

1.2 T T T
=
S AR U A A M W,
0.8 | | | | |
1 50 100 150 200 250 300
(b) Bus Voltage Magnitude of VSC-HVDC System Integrated with OWFs
12 T T T T T
1L.1F B
=
& WWWWWWWWWW
0 9 | | | | |
1 50 100 150 200 250 300
(c) Bus Voltage Magnitude Difference
0.02 T T T
=TT e Y WL
20.02 I I I I I
1 50 100 150 200 250 300

Bus Number

Fig. 6.17: Bus voltage profile for the study of Table 6.4

Subsequently, another study is carried out on the same AC-MTDC system but
with the VSC connected at bus 270 operated in the DC voltage margin control mode.

The droop control gains of the converters connected to 266 and 292 are maintained
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identical to their values in Table 6.4. The droop gain of the converter connected to AC
bus 270 is set to a value of 1000 for voltage margin control. For voltage margin
control, the maximum and minimum DC powers are set to values of 1.0 and -1.0 p.u,
respectively. The power flow solution is shown in Table 6.6. From Table 6.6, it is
observed that the convergence characteristic of the proposed model is independent of

the power injections from the OWFs and the location of the MTDC grid in the AC

system.
Table 6.6
Study of IEEE 300 bus system with five terminal VSC HVDC network
incorporating OWFs with Droop Control and Voltage Margin
Base case power-flow (NI=6 and CT=0.56);
Voo = 1.011 2 — 11.24; Vypg = 1.011 2 — 11.32;Vp9; = 1.00 £ — 18.74;
DC power-flow to calculate DC reference values
Specified Quantities Power flow solution
Viep = 3.0006; Ve, = 2.9997;
Vicay = 3; Picy = — 0.5; Vies = 2.9997; Bie; = 0.9003;
Pics = — 0.4; Ihes = —0.1333;
NI=3; CT=0.02;
AC-MTDC power-flow with linear voltage droop and nonlinear voltage margin
(VSCs connected to AC buses 266, 270, 292)
Specified Quantities Power flow solution
Control parameters DC terminal buses
Vbc1 = 3.0166; Vpc, = 3.0155;
Vocmas = 3.014: Vpes = 3.0156; Vpey = 3.0166;
. Vbes = 3.0166; Pyc,=0.5810;
Vochigh = 3.013; Pocz=-1.00; Ppca= -0.8804;
pcz= -1.UU; Fpcs=-0. ;
Vi clow = 3.012;
Vbemin = 3.009; DC Power Converter loss (%)
R, = 20; R, = 1000; Poc = 0.5810; Poss = 1.43;
R =10 Pocz = —1.00; Plossz = 1.79;
Ppcz = —0.8804; Piossz = 1.68;
Converter Control Mode VSCs
1 V-P droop Osn1 = —10.2907; B4, = —1.4338;
2 V-P droop with VM ¢z = 8.3060; m; = 0.9638;
3 V-I droop m, = 0.9721; m; = 0.9469;
AC terminal buses
Vo66 = 1.02; Qgnz=0.1; 0,66 = £ — 7.0303;
Qshsz = 0.05; Pycwei=0.7; Va7 = 1.02122 — 6.7475;
Poewrz = 0.6; Va9, = 1.00£3.4060;
NI=6; CT=1.13;
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The convergence characteristics of rows 5-13 of Table 6.6 is shown in Fig.
6.18. From Fig. 6.18, it is observed that the proposed algorithm demonstrates
excellent convergence characteristics, converging in six iterations. The bus voltage
profile for the study of Table 6.6 is shown in Fig. 6.19. From Fig. 6.19, it is again
observed that in the presence of MTDC grid with OWFs, the bus voltage profile do

not alter much except at the buses at which the VSCs are connected.
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Fig. 6.18: Convergence characteristic of rows 5-13 in Table 6.5
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Fig. 6.19: Bus voltage profile for the study of Table 6.5
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In addition, the proposed model has also been compared with some other existing

models and a comparison of the convergence features is shown in Table 6.7.

Table 6.7

A comparison of convergence features with existing models

Tolerance No. of buses
Ref No. (p.u) AC DC NI CT
-8 . . Min:0.37
[82] 10 29 5 Min:3 Max:15 Max-0.99
6 9 4 6 0.2
7 v 32 4 7 0.45
NIL 6 0.56
5
(slack) 6 1.24
Proposed 5 6 Model A | Model B
Model 10" 300 Linear droop 112 122
5
Droop- DB 6 115
5
Droop- VM 6 1.13

6.7 Conclusions

In this chapter, a Newton Raphson power flow model of hybrid AC-MTDC systems
integrated with offshore wind farms has been developed. The proposed model was
investigated by including OWFs to different topologies of multi-terminal VSC-
MTDC grids and integrating them with the IEEE 300-bus test network. Diverse
MTDC grid control techniques including linear and nonlinear DC voltage droop
control have been employed. Both models ‘A’ and ‘B’ were implemented for droop
control. Droop Model ‘B’ facilitates the specification of both line end active and
reactive power-flows. The model displays excellent convergence characteristics
independent of the DC grid topology, the DC voltage droop control employed, the

location of the MTDC grid and the OWF power injections. This validates the model.
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Chapter 7

Conclusions and scope of further work

7.1 Conclusions

The following conclusions are drawn based on the work reported in this thesis:

In the present thesis, an attempt has been made to develop Newton power-flow
models of both LCC and VSC based hybrid AC-DC systems.

For LCC based hybrid AC-DC systems, both unified and sequential Newton
power-flow models were developed. It is observed that based on the selection
of the base quantities, different per-unit AC-DC system models can be
developed. Different per-unit AC-DC system models affect the power-flow
convergence in minor ways.

For LCC based hybrid AC-DC systems, it is also observed that different DC
link control strategies affect the power-flow convergence in different ways.
Nine different DC link control strategies were considered for a three-terminal
HVDC network. It is observed that the power-flow convergence is affected by
the location of the DC network and the operating point specifications.

For VSC based hybrid AC-DC systems employing DC slack bus control, both
unified and sequential Newton power-flow models were developed. In both
the models, the modulation indices of the VSCs are obtained directly from the
power-flow solution. It is observed that unlike the sequential AC-DC power-

flow model, the convergence characteristic of the unified AC-DC power-flow
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model is independent of location of the MTDC grid, the MTDC grid topology,
the MTDC control strategy employed and the operating point specifications.

e For VSC based hybrid AC-DC systems employing DC voltage droop control,
two different AC-MTDC models were developed, depending upon the
terminal end power specifications. It is observed that unlike droop model ‘A’,
model ‘B’ facilitates the specification of both line end active and reactive
power-flows. It is observed that both the proposed models demonstrate
quadratic convergence characteristics.

e A unified Newton power-flow model of VSC based hybrid AC-DC systems
employing IDCPFCs was also developed. The IDCPFC is a DC power-flow
controller used for power-flow management of DC grids.

e A unified Newton power flow model of hybrid AC-DC systems integrated
with offshore wind farms was developed. Both linear as well as nonlinear
voltage droop control of the DC grid can be accommodated in the model. The
convergence characteristic of the proposed model is independent of the DC
grid topology, the DC voltage droop control employed, the location of the
MTDC grid and the OWF power injections.

e The VSC station losses and the losses in the converter transformers have been
considered in all the models.

e Feasibility studies of all the models have been carried out on the IEEE 300-

bus test system to validate their convergence characteristics.

7.2 Some suggestions for further work

The work reported in this thesis has been mainly concerned with the development of

Newton power-flow models of both LCC and VSC based hybrid AC-DC systems.
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However, during the course of the work reported in the thesis, it was realized that the

work could open up further possibilities in the area, which can be taken up in the

future. Some suggestions for further work are as follows:

Inertial support from wind turbine generators (WTGs) connected to AC grids
through HVDC links is an important issue which needs to be addressed. This
support is usually provided by controlling the power references of the WTGs.
Incorporating this aspect in the power-flow modeling appears to be
challenging.

For modeling of offshore wind farms integrated with the DC grid, their
detailed power-flow modeling needs to be carried out. In addition, other
sources of renewable energy can also be modelled in the existing AC-DC
power-flow algorithm.

Power-flow modeling of AC-DC systems involving multiple AC grids

interconnected through multi-terminal DC grids.
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Appendix A

A.1 Expression for the net active and reactive power injections by incorporating
three terminals LCC HVDC system in an existing AC system by using Unified

method

For AC buses ‘1’, j” and ‘k’, the rectifier is connected at bus ‘i’. Two inverters ‘1’ and

‘2’ are connected at buses ‘j” and ‘k’ respectively.

For control strategy ‘1’ and ‘5’

n
2 VDCR - VDCIl - VDCIZ
P = Z ViV, Y;, cos(8; — 8, — dip) + Vocr ( R ) (A1)
p=1

n
: 2 Vpcr = Vpenn — Ve
Q= Z ViVpYip sm(Gi -6, — d)ip) + Vber ( Roc ) tan®y (A.2)
p=1

n
=) ViVyY;, cos(8; — 8, — dyp) — Poc (a3)
p=1
n
Q= Z V,V,Y;, sin(8; — 6, — ;) + Pocrytan®dyy (A.4)
p=1
n
B, = Z ViV, Yiep €05 (8 — 8, — Biep) — Pocz (A.5)
p=1
n
Q = Z ViV, Yigp sin(8y — 8, — Piep) + Pociztand®y, (A.6)
p=1

A.1.2 Some typical elements and sub-matrices of Jacobian in eqn. (2.21) for

control strategies ‘1’ and ‘5’ (Unified method)

OPi _ _ Vpcr. _9Pi _ _ Vpcr._90Qi _ _ Vpcr t 0Q;

0Vpcia Rpc ’ 9Vpciz Rpc ’ 0Vpenn Rpc R> 9Vper

\
= — 2R tandy;
Rpc
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9Qi _
dPR

Rpc

2 Vpcr— Vpcii—Vbcrz 2. 99
DCR [— secPg; o1

_ 2.
= Ppciy secdpy;

9Qk _
0Py,

Sub-matrix of control strategy ‘1’ for Model ‘1’ is given below

2.
Ppcrp sec®py;

1 —kkq —kki —Vicosag 0 0 0 0 0
1—kk, 0 0 —Vjcosyyy 0 0 0 0
0 1—kkq 0 0 —ViCOSY1, 0 0 0
of _ 0 0 —Vicosdg 0 0 ag V; sin®dg 0 0
X 1 0 0 —Vjcosdyy 0 0 ap V sin®yy 0
0 1 0 0 —VkCOS(I)IZ 0 0 arp Vk Sinq)lz
kk, 0 0 0 0 0 0 0
0 kk, 0 0 0 0 0 0
Xc
kk, = —; kk, = —Vpcr + 2Vpcis;
Rpc
Sub-matrix of control strategy ‘1’ for Model ‘2’ is given below
[ -k, —k;  —k; Vjcosag 0 0 0 0 0 1
|1—k, 0 0 —k,Vjcosyy 0 0 0 0 |
| 0o 1-k 0 0 —K, Viccosy;, 0 0 0 I
a | o 0 —k,Vicosdy 0 0 k,agV; sindy 0 0
X | 1 0 0 —k,Vicosdyy 0 0 kyay;V; sin®y; 0
0 1 0 0 —k,Vicosdy, 0 0 k,ap, Vi sind®y,
kk, 0 0 0 0 0 0 0
[ o ki, 0 0 0 0 0 0 ]
where ky =3 X% g, = Y200 g, = v, 2V
T Rpc i
Sub-matrix of control strategy ‘5’ for Model ‘1’
[ —kkl —kkl —aRVi 0 0 0 0 0
1—kk, 0 0 -—any 0 0 0 0
0 1-kky 0 0 —apV 0 0 0
o 1 0 0 0 0 0  agVsindg 0 0
X~ 1 0 0 0 0 0 ap Vj sin®yy 0
0 1 0 0 0 0 0 ar Vi sin®p,
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Xe
where, ki, = oo kk; = —Vper+2Vpeins

Sub-matrix of control strategy ‘5’ for Model ‘2’

251




of

X
- —k, -k, —kyarV; 0 0 0 0 0
1-k, 0 0 —kyay; V, 0 0 0 0
0 1-k 0 0 —kyapp Vi 0 0 0
1o 0 0 0 0 —k, ag V; sindg 0 0
! 0 0 0 0 0 —k; ayy V; sindy, 0
0 1 0 0 0 0 0 —ky ayp Vi sindyy
kk, 0 0 0 0 0 0 0
0 kk, 0 0 0 0 0 0
wherek, =3 X o =320y oy
T Rpc T
A.1.3 Initial values of variables in LCC based HVDC systems
Table A.1
Variables in LCC HVDC system Initial values
1 p.u (Model 1);
0 5
DC bus voltage Vbe 2.3 p.u (Model 2)
Converter transformer tap ratios a}, al) and a}, 1
Firing angle of rectifier al cosal =1
Extinction angles of inverters v}, and ¥, cosy?, = 1;cosy?, =1
Power factors cos®y, cos® and cosP) 0.9

A.2 Expression for the magnitude of converter current (Ig,,) for considering

converter losses of 2 VSC

From eqn. (3.1),

Ssha = Vira—1 Liha = Visa—1 [ Yeha (Vsha — Vita-1)] (A7)

— 2
- Vi+a—1 m, C VDCa Ysha & (ei+a—1 - esha - cI)sha) - Vi+a—1 Ysha £ — q)sha

= Vi+a—1 m, € VDCa Ysha {COS( ei+a—1 - esha - (Dsha ) + ] Sin(ei+a—1 - 6sha - (Dsha)}

_Vi2+a—1 Ysha {COS (Dsha - ] sin (Dsha}

— 2
- Vi+a—1 m, C VDCa Ysha COS( ei+a—1 - 6sha - (Dsha) _Vi+a—1 Ysha COS (Dsha

+ ] { Vi+a—1rna c VDCa Ysha Sin(9i+a—1 - esha - q)sha) + Vi2+a—1 Ysha sin q)sha }

=a+jp
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— 2
Where, o= Vi+a—1 m, C VDCa Ysha COS( ei+a—1 - esha - q)sha) - Vi+a—1 Ysha COS q)sha
_ : 2 :
and B_ Vi+a—1rna c VDCa Ysha Sln(ei+a—1 - esha - q)sha) + Vi+a—1 Ysha SIN q)sha
S?ha = az + Bz

2 2 2 4 2 3 2
- Vi+a—1 Vsha Ysha + Vi+a—1y'sha -2 Vi+a—1VshaYSha {Cosq)sha COS(9i+a_1 - esha - q)sha) -

SiN®@gp, SiN(Biva—1 — Osha — Psha)
Now, using formula cos A cos B - sin A sin B = cos (A+B)

Stha =Viza—1 Veha Yena T Vita—1Ysha — 2 Vita—1Vsha Yeha €0S (Bisa—1 — Osna)
= Yeha [Vita-1 + Vita-1 (Mac Voca) 2 — 2 Vi

i+a—1 My € VDCa COs(ei+a—1 - esha)]

1
Ssha = Ysha [Vi‘-ta—l + Vi2+.3\—1 (maCVDCa) 2 - 2 Vi%l-a—l m, € VDCa COS(ei+a—1 - esha)] /2

1
[sha = Ysha [Vi%i-a—l + (maCVDCa) — 2 Vi+a—1 m, C VDCa Cos(ei+a—1 - esha)] /2 (A' 8)

A.2.2 Expression of power balance equation with converter losses of a™ VSC

using unified method
From eqn. (3.14),

For master converter,

q
(mac VDCa) 2 YShaCOSq)sha — m,C VDCaVi+a—1YSha Cos(esha - ei+a—1 - q)sha) + Z VDCaVDCvYDCaV

v=1
+a, + byd; + ¢;d; 2 =0 (A.9)

Where dl = YSha[Viz-I-a—l + mgCZV]%Ca —2 m, C VDCaVi+a—1 COS(9i+a_1 - esha)]l/2

For slave converter,
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q
(mac VDCa) 2 YShaCOS¢Sha — M,C VpcaVita—1Ysha Cos(esha - ei+a—1 - ¢sha) + Z VbcaVpevYpcav + a1

v=1

2
psP 2 sp 2 psP 2
sha + Qsha / sha + Qsha
—+c¢ |———— | =0

+b, (A.10)

Vi+a—1 Vi+a—1

A.2.3 Typical elements in Jacobian sub-blocks of eqn. (3.23) using Unified
method

For master converter,

0fia
aesha

: d3
= m,C VDCaVi+a—1YSha Sln(esha - ei+a—1 - q)sha) + b1Ysha 2d + ClezhadS (A- 11)
2

Where dZ - [ i+a-1 + mac VDCa 2 m, C VDCaVi+a—1 Cos(ei+a—1 - esha)]l/2

d; = —2m, ¢ VpcaVita—1 Sin(0i4a_1 — Osha)
of §
1
3VD2 =2 mg Cz VDCa YShaCOS(bsha —m,C Vi+a—1YSha COs(esha - 6i+.31—1 - (I)sha) + Z VDCvYDCav
a v=1
d, 5
+ VDCa YDCaa + bleha E +C1Yshad4 (A' 12)
Where d = 2 Vpca mjc? — 2m, ¢ Vo g c0s(Bira-1 — Osha)
0fia _ 242
om =2 m, C VDCa YShaCOS(bsha —-C VDCa Vi+a—1YSha COS(esha 1+a 1 q)sha)
a
+ by Ysha 55 + €1¥5nads (A.13)
2d,
dS =2 VDCa m, C —-2c VDCa V1+a 1 COS( e1+a 1 sha)
For slave converter in PQ control operation,
afla .
= m,C VpcaVita—1Ysha Sln(esha = 0Oiya—1 ¢sha) (A.14)
aesha
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5)
v=1

Vpe =2 m; c? Vbca YShaCOS¢Sha —M,C Vita 1Ysha Cos(esha - ei+a—1 - ¢sha) + Z VbevYpcay
a
(A.15)

+ Vbca Ypcaa
of,
2= 2m, o V[z)Ca YShaCOS¢Sha — ¢ Vpca Vita-1Ysha Cos(esha - ei+a—1 - ¢sha) (A- 16)

dm,

A.2.4 Typical elements in Jacobian sub-blocks of eqn. (3.30) using Sequential

method

From eqn. (3.27)

afz 2 2 —2R h
2 =-m,C VDCa Ysha cOs(esha - ei-*—a—l' ¢sha) - (Pss}fa + Qzl})la ) V3 = (A 17)
i+a-1

aVi+a—1

From eqn. (3.28)0

sp 2 (_2 Xsha) (A.18)

sp 2
sha + Qsha V3
i+a—1

0f3a ,
=-myc VDCa ysha sin (esha - ei—*—a—l' ¢sha) - (P

aVi+a—1

A.2.5 Initial values of variables in VSC based HVDC systems

Table A.2

Variables in VSC HVDC system Initial values

DC bus voltage V2 3pu

DC voltage reference for droop line of i VSC Vge)® 3pu

Modulation index of i VSC m? 1.0

Magnitude of output voltage phasor of i VSC VS 1.0 pu

Phase angle of output voltage phasor of i™ VSC 02, 0 (degree)
Variable i"" DC voltage source of IDCPFC Vi 0.001 p.u

A.3 Expression of power balance equation with converter losses of a™ VSC

considering as a master converter by incorporating IDCPFC

From eqn. (5.13)
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2
(mac VDCa) YShaCOS¢sha — m,C VDCaVi+:31—1YSh.51 COS(esha 1+a 1 ¢sha) +

z:3:1VDCaVDCvYDCav + Z\Z/i}_,vilVDCaVDCS(V—l)YDCaV +a; + byd; + Cld% =0 ifa=

1,z=2 (A.19)
of a
1
asz =2 m; CZ VDCa YShaCOSq)sha — M,C Vi+a—1Ysha Cos(esha - ei+a—1 - ¢sha) + Z VDCVYDCav
2 v=1
z+1
+ Vbca Ypcaa + Z Vbesv-1) Ypcav
v=1,v#1
d, 5
+ D1¥sha 53— +C1Vshads (A.20)
2
afla z+1
EITANN Z Vbca Ypcav (A.21)
DCs(v— 1) v=1,v#1
9Ppcpre
Ve [VDC —2Vpesz — VDC(Z+1)]YDC1(Z+1) (A.22)
DCsz
0Pipcprc
m = — Vbcsz Ypciz+1) (A.23)
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