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1. Introduction

1.1 General Introduction

Currently, the installations of renewable energy sources (RES) such as photovoltaics and
wind turbines are being discussed as significant global issues in many power systems. In this
context, the power system operators and government in Japan are also aiming to increase the roll
of RES sources. As regards the utilizations of large-scale wind power plants, the distances between
the wind source areas and large-demand areas are not close, above several hundred kilometers in
many scenarios. Hence, the necessity of long-distance transmission has been investigated in such
cases. For instance, the scenario of long-distance transmission from the wind power sources in
North Sea towards large-demand South areas in Germany is suggested.

The power systems in Japan also confront similar issues. According to 2050, up to 75GW of
wind power plant facilities will be installed until 2050 in Japan. However, most of wind energy is
concentrated in North-East areas in which the power consumption is relatively low. Therefore,
some of the produced wind power cannot be consumed only in the local areas if large-scale wind
power plants are installed in power systems in Japan. The necessity of long-distance large-scale
wind power transmission from the high wind potential areas towards the large-demand areas has
been surveyed in this context.
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Fig. 1.1. Roadmap of the introduction of wind power in Japan [1]



It should be noted that the following critical problems emerge in case of a large amount of
long-distance wind power transmission in Japan. For starters, considering the fluctuation of wind
power output and low capacity factors of wind power plants in Japan, the economic benefit of the
wind power transmission system is expected not to be high. Moreover, the long-distance large-
scale power transmission from the high wind potential areas towards the large-demand areas in
Japan is strictly limited due to power system rotor-angle stability issues of the existing AC systems.

From these points of view, high-voltage direct current (HVDC) systems have many
advantages over conventional AC transmission systems. It is well-known that in cases of long-
distance transmission, HVDC transmission systems are more effective than conventional AC
transmission systems considering the following points.

e Low transmission losses (no skin effect)

e No reactive power compensation

e Less stability constraints (no rotor-angle stability, no frequency stability)
e Flexible active power control

e System stabilization effects by HVDC converter control systems

Recently, two types: line-commutated converter (LCC) HVDC and voltage-source converter
(VSC) HVDC systems are utilized in general. The comparison between LCC HVDC and VSC
HVDC systems are summarized in Table 1.1 [2].

Mostly, thyristors are used as the switching devices of LCC HVDC systems for the recent
several decades. Compared to VSC type, the switching losses of LCC based HVDC systems are
negligible. Significant harmonics components are produced by switching process. In order to
remove these components, AC filters are required for LCC HVDC systems. As a consequence,
converter station sizes of LCC HVDC systems are larger than those of VSC HVDC systems in
general. Active power reversal is possible by changing the polarity of DC voltage in LCC HVDC
systems. Without any external power supply from AC grid sides, it is difficult to utilize black start
capability with LCC HVDC systems. The LCC type is superior for DC overhead transmission
systems since in cases of a temporary DC fault occurrence, DC voltage can be controlled in a low
value to restrain DC fault current. LCC HVDC systems have possibilities of commutation failures
if severe AC grid voltage fluctuations are observed. For this reason, LCC HVDC systems have
difficulties to be used for weak AC systems. Multi-terminal configurations using the LCC
technology are possible, but the flexibility of power flow control is limited compared to multi-
terminal VSC HVDC (MTDC) systems.

The utilization of VSC technology for HVDC transmission systems has been proposed since
the late 1990s. As the first stage, two-level VSC HVDC systems are discussed and nowadays,
modular-multilevel converter (MMC) HVDC systems using many sub-modules are also attracting
considerable attention due to outstanding characteristics. IGBT-based switching devices are
adopted for VSC HVDC systems. The switching losses of the VSC type are higher than those of
LCC type but still less than 1% of losses can be obtained with MMC technology. Less harmonics
components emerge by VSC HVDC, using MMC technology in particular. Therefore, the size of
AC filter can be reduced or omitted, thus the converter station size can also be decreased. The



direction of active power can be controlled by changing DC current direction. One of the most
important advantages of the VSC type over the LCC type is the independent active and reactive
power output controllability. Thanks to this characteristic, VSC HVDC systems can also be
adopted in weak AC systems exposed to severe AC voltage fluctuations. Compared to LCC HVDC
systems, more flexible power flow controls are allowed using multi-terminal VSC HVDC systems.

Table 1.1. Comparison between HVDC systems with LCC and VSC types [2]

LCC type VSC type
Switching device | Thyristor (enhanced) IGBT
Switching losses | Negligible Low (less than 1%)
Station size Large (with filter station) Small (around 50% of LCC type)
AC filters Large Small or No
Active power | DC voltage polarity reversal, within | DC current direction reversal, within
reversal 05-1s 0.1s
Independent
active and No Yes
reactive power
control
Black start Difficult Yes
Control 151 025 0.03-0.055s
response time
Overhead Yes Yes
transmission (DC circuit breakers may be required)
Commutatlon Yes No
failure
Capabilityto | Limited
supply weak AC | (additional reactive power control | Yes
system system is required)
Multi-terminal | | ;;p0 g Flexible
operation
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Multi-terminal VSC HVDC topologies

Several representative multi-terminal topologies are explained [3]. Novel topologies other
than these configurations for offshore wind power plant integrations have been discussed in [4].

One of the radial topologies in Fig. 1.2 can be easily extended from point-to-point VSC
HVDC systems by adding interconnection transmission lines. In case of a DC fault occurrence, the
faulted parts can be separated from the whole DC grid using DC circuit breakers. In general, DC
circuit breakers are installed at the both ends of each DC transmission line.

In the star topology described in Fig. 1.3, all VSC converters are interconnected through the
DC switching station. The DC switching station refers to the node at which DC transmission lines,
DC circuit breakers, isolators, and no VSC converters are installed. Similar to the radial topology,
DC circuit breakers are required at the both ends of each DC transmission line. One of the
drawbacks of this star topology is that the impact of a DC fault at the DC switching station is
critical since all DC transmission lines are affected by the fault.

A simple meshed topology is illustrated in Fig. 1.4. Other meshed topologies with more DC
transmission lines than the system in Fig. 1.4 can also be configured. Meshed multi-terminal
topologies can enhance the reliability and economic operations of HVDC systems. Instead,
additional costs for the increased numbers of DC transmission lines and DC circuit breakers are
required.

11
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Configurations of VSC stations

The basic configurations of VSC stations; asymmetrical monopole, symmetrical monopole,
and bi-pole configurations are explained [3], [5]. Even though the configurations for point-to-point
VSC HVDC systems are illustrated from Fig. 1.5 to Fig. 1.7 for the simplicity, these configurations
can also be applied to multi-terminal VSC HVDC systems as plotted from Fig. 1.8 to Fig. 1.10.
The symbol ‘G’ indicates the possible grounding locations of VSC HVDC systems [3].

One DC transmission line and one neutral conductors are required for the asymmetrical
monopole configuration in Fig. 1.5. Regarding the neutral conductor, fully-rated load current
capacity is necessary to form a complete current path. However, the insulation level of it does not
have to be as strong as that of the DC transmission line [3]. The nominal voltage of the positive
pole Vy is equal to that of VSC converter. When a pole-to-ground fault occurs, the steady-state
post-fault DC voltage does not swell above the nominal voltage [5]. This configuration can be
extended to the bi-pole configuration by adding the same monopole VSC HVDC system with the
opposite polarity.

The symmetrical monopole VSC HVDC system in Fig. 1.6 consists of positive and negative
poles. The nominal voltage of each pole is half of the nominal converter voltage, which is 2V, / 2.
When a pole-to-ground fault occurs, the voltage in the faulted pole drops while the healthy pole
voltage swells up to Vh.

The bi-pole configuration in Fig. 1.7 can be interpreted as the integration of two independent
asymmetrical monopole systems with different polarities. The nominal voltage of each pole is equal
to the converter nominal voltage Vi. In normal balanced operations, DC current flows via positive
and negative conductors. When one pole is not available, the other pole can still operate
independently if the metallic return path is installed.
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Fig. 1.10. Bi-pole multi-terminal VSC HVDC with metallic return [5]
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1.2 Related Previous Works

Transmission expansion planning (TEP) with VSC HVDC systems has been investigated in
several previous works [6]-[10]. In particular, TEP using VSC HVDC systems to install RES has
been discussed in [8]-[10]. A probabilistic TEP approach has been adopted in [11] for the long-
distance RES power transmission with MTDC systems. TEP formulations with HVDC systems
have been investigated in [12], [13] based on the optimization process. However, the dynamic
behaviors of the HVDC systems have not been considered in [12], [13]. In addition, power system
stability issues have been considered in the TEP problems of [6]-[13]. TEP of HVDC systems and
offshore wind farms has been studied considering the improvement of DC grid stability in [14].
Transient stability of the system models has been covered in TEP with HVDC systems in [15],
[16].

Regarding power system operations, OPF is one of the widely adopted approaches where
system constraints are considered. The economic and reliable MTDC operations with offshore
wind power plants have been discussed in [17]. The N-1 criterion has been integrated in OPF
analysis of power systems with VSC HVDC systems in [18]-[21]. In [22], the voltage stability of
the power system model with VSC HVDC systems has been surveyed. The economic benefits
produced by several different multi-terminal VSC HVDC systems have been calculated and
compared by OPF approach in [23]. It has been revealed by the robust OPF analysis that the
maximum admissibility boundaries of offshore wind farm outputs can be increased in [24].

In summary, a lot of research works have focused on power system reinforcements and
operations using VSC HVDC systems for RES transmission. These works are classified in Fig.
1.11.

» Transmission expansion planning (TEP) of VSC HVDC
. [6] - [16]

» TEP for renewable energy sources (RES) utilizations : [8] — [10]
Probabilistic TEP for RES utilization : [11]

TEP to improve DC grid stability : [14]

TEP with transient stability : [15], [16]

» VSC HVDC operation by OPF : [17] — [24]

* Security constrained OPF with N-1 criterion : [18] — [21]
* \ltage stability : [22]
* Robust OPF for RES utilization : [24]

Fig. 1.11. Classification of previous works
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The first novelty of this dissertation is the flexible multi-terminal reinforcement and
operation proposals of MTDC systems based on the hierarchical OPF analysis. This hierarchical
OPF analysis aims at increasing the economic benefits obtained by a MTDC system. In the first
step, a MTDC system reinforcement in a power system model is designed for large-scale wind
power transmission. In the second step, the optimal operations of the reinforced system model in
different conditions are determined. In case of high RES outputs, the MTDC transmission system
mainly transmits the RES power output. If the RES output is not high enough, the MTDC system
can also be utilized for the power transmission among AC grids.

The second contribution of this dissertation is the consideration of power system stability
constraints in the analysis. Among many kinds of power system stability issues, rotor-angle
stability; small-signal stability and transient rotor-angle stability which are the critical aspects of
large-scale wind power transmission in Japan are needed to be included. On top of that, transient
AC and DC voltage stabilities of mixed AC / multi-terminal VSC HVDC systems are also
constrained considering AC and DC grid faults. As a consequence, unlike large-scale RES
transmission using conventional AC transmission systems, the calculated OPF solutions in mixed
AC / multi-terminal VSC HVDC systems are stable from these power system stability viewpoints.
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1.3 Objectives and Structure of Dissertation

The objectives of this dissertation are summarized as follows. The author hopes that this
dissertation can be utilized as the guideline of VSC HVDC system implementations for the
integration of large-scale renewable energy sources.

1. Propose the reinforcement and operation methods to increase the economic benefits of
wind power transmission systems using a multi-terminal VSC HVDC system.

2. Develop optimal power flow formulation with power system stability constraints.

3. Discuss fault analysis and a protection strategy in mixed AC / multi-terminal VSC HVDC
systems.

4. Suggest the integrated analysis for VSC HVDC systems considering both transmission
expansion planning and operation stages.

5. Calculate wind power hosting capacities of power system models for large-scale wind
energy utilizations.

6. Evaluate multi-terminal VSC HVDC systems from power system stability viewpoints.

Considering the characteristics of the VSC technology, VSC HVDC systems with multi-
terminal configurations are adopted to overcome the low transmission system profits and power
system stability issues in this dissertation. When the wind power production is not high, a multi-
terminal VSC HVDC system can still be used for the active power transmission among AC grids
to relieve the first problem. As a consequence, additional economic benefits compared to the
conventional transmission system operation can be produced. Regarding the second problem, the
active power transmission in a HVYDC system is free from the rotor-angle stability issues of AC
systems. On top of that, the control systems of a VSC HVDC system can also contribute to the
power system stabilization, which enables to increase the amount of wind power plants installation.

To this end, power system reinforcement and operation methods using multi-terminal VSC
HVDC systems are developed in this dissertation. Optimal power flow (OPF) analysis based on
hierarchical approaches is suggested to evaluate MTDC systems considering both reinforcements
and operations. In order not to violate power system stability issues, those are also taken into
account as additional constraints in the OPF analysis.

The summarized organization of this dissertation is shown in Fig. 1.12. It can be seen that
based on the proposed hierarchical optimal power flow analysis, multi-terminal VSC HVDC
systems are evaluated from the small-signal and transient stability viewpoints. In the transient
stability analysis, the small-signal stability constraint to prevent eigenvalues with positive real parts
is also included.

The models of mixed AC / multi-terminal VSC HVDC systems with wind power plants are
explained in Chapter 2. The detailed behaviors of AC grid, VSC HVDC system, and wind power
plant model are covered. The hierarchical optimal power flow analysis determining both
transmission expansion planning and system operation is suggested in Chapter 3. In Chapter 4, the
analysis considering small-signal stability constraints is carried out. First of all, the wind power
hosting capacities of power system models reinforced with either new AC systems or a multi-

18



terminal VSC HVDC system are compared to see the limitation of AC transmission systems.
Several different multi-terminal configurations are considered and the system with the largest
hosting capacity is found among them. Sensitivity analyses of wind power capacity and small-
signal stability constraints are discussed. In Chapter 5, the transient stability constraints of AC and
DC grids are taken into account. The analysis of Chapter 5 focuses on the influences of the transient
stability constraints. Wind power hosting capacity of the multi-terminal VSC HVDC system with
the transient stability constraints is calculated. The results of the hierarchical transient stability
constrained optimal power flow analysis, the investment costs and fuel costs of the system
reinforced by a multi-terminal VSC HVDC system are compared to the results without the transient
stability constraints. Time-domain simulation results are checked to understand the transient
behaviors of mixed AC / multi-terminal VSC HVDC systems. Finally, this dissertation is
concluded in Chapter 6 with some future work proposals.

Introduction

Modeling of power system components
+ ACgrid
* VSC HVDC & control system
» Power system models

Hierarchical optimal power flow
formulation

» Step 1: Transmission
expansion planning
» Step 2 : System operation

stage
With small-signal stability With transient stability
constraints constraints

* Wind power hosting capacity * Wind power hosting capacity
» Economic benefit analysis * Fuel costs
+ Sensitivity analysis + Time-domain simulation

> Wind power capacity results

» Small-signal stability

constraints

Conclusions & future works

Fig. 1.12. Organization of this dissertation
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2. Models of Mixed AC / Multi-Terminal VSC HVDC
System with Wind Power Plants

2.1 AC Grid Models
Synchronous generator model

As the synchronous generator model, Park’s equivalent model with one damping circuit (kd
circuit) in d-axis and two damping circuits (fq and kq circuits) in g-axis in Fig. 2.1 is adopted. Rotor
field winding circuit is represented as the fd circuit in d-axis in Fig. 2.1. d-axis is aligned with the
rotor whereas g-axis leads by = / 2 rad compared to d-axis. The mutual inductance components
between d and q axes circuits are able to disappear by this Park’s transformation. The flux linkage
equations are based on the assumption that the mutual inductances between the stator side and rotor
side circuits in d and g axes have the same values. In three-phase symmetrical states, the output
and torque of a synchronous generator can be represented as below.

Equations of stator voltage and current

Vg = Py — ¢, P —Riy (2.1.1)

Equations of rotor voltage and current

Vi = P + Rylgg (2.1.3)
0= Ppdy + Riglg (2.1.4)
0=pdy + Ryl (2.1.5)
0= pd, + Rl (2.1.6)
Equations of flux linkage
By = —Xglg + Xngltg + Xinglieg (2.1.7)
Pra = Xmglg + Xl g + Xl (2.1.8)
$a =Xmalg + Xnaltg + Xiglya (2.1.9)
by = _Xqiq + quifq + quikq (2.1.10)
¢fq :_quiq + quifq + quikq (2.1.11)
Ba = Xmglq T Xmgl tq + Xigheq (2.1.12)
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Equations of power and torque

P, =V4iy +Vi, (2.1.13)
T, = g — &4l (2.1.14)
Swing equations

2H‘z‘t"=Tm—Te—D(w—wo) (2.1.15)
@, =1p.u. (2.1.16)
(:j—fza)—a)o (2.1.17)

p Differentiation operator with respect to time domain

By Vy,ig Linkage flux, voltage, current in d-axis circuit

By Vool Linkage flux, voltage, current in g-axis circuit

Bra Vg Linkage flux, voltage, current in fd winding circuit

Beas Vi b Linkage flux, voltage, current in kd winding circuit

PrgrVigrltg Linkage flux, voltage, current in fq winding circuit

Beqr Vi I Linkage flux, voltage, current in kg winding circuit

Xeg» Xig Self-inductances in d-axis circuit

- Mutual inductance between windings in d-axis circuit

X g0 Xiq Self-inductances in g-axis circuit

Xing Mutual inductance between windings in g-axis circuit

R,Ri R R Ry Resistances in each circuit

T..T, Mechanical input torque, electrical output torque

P, Electrical output power

S, Generator rotor phase angle, rotational speed

@, Synchronous rotational speed of grid

H,D Normalized inertia constant, damping coefficient
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Rid

«—— lfd , , — i
“— ikd “— kg

(0

(0

Fig. 2.1. Equivalent circuit of synchronous generator (left : d-axis, right : g-axis)

Instead of the parameters of a generator above, the measurable parameters of a synchronous
generator are synchronous reactance, transient reactance, sub-transient reactance, open-circuit
transient time constant, and open-circuit sub-transient time constant as below. The generator
parameters can be calculated using these measureable values based on (2.1.18) — (2.1.23)
relationships. The parameters in g-axis can also be obtained with the same principle.

X, Synchronous reactance in d-axis
Xy Transient reactance in d-axis
Xy Sub-transient reactance in d-axis
T Open circuit transient time constant in d-axis
Ty Open circuit sub-transient time constant in d-axis
Xma = Xg =X (2.1.18)
Xy — %) (X4 — X
Xig _( d |)( d |) (2.1.19)
Xd - Xd
Xtg = Xng + Xigg (2.1.20)
Xy — X ) (X5 — X
X = (X, l)( d ) (2.1.21)
Xd - Xd
de
Rfd = —— (2122)
TdO
(Xg = X4) Xy
= (2.1.23)
C (% = X)Tio

For the time-domain simulation analysis, this generator model is modified to be sixth-order
synchronous generator model based on the following assumption. Among all leakage flux
components aligned with d axis circuit, the fluxes linked with two circuits (d & fd, fd & kd and kd
& d) are negligible [25] as described in Fig. 2.2. Only the leakage flux components linked with one
circuit are considered. The same assumption can also be applied to the leakage flux components
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aligned with g axis. This leads to the following generator model in the form of differential
equations.

— neglected

- —-_—

neglected

Fig. 2.2. Leakage flux components of circuits aligned with d axis [25]

ds(t)
ar w(t) — wg (2.1.24)
da)(t) wo
o (t) Ba(t) — ()P() D(——l)] (2.1.25)
dey(t) 1 (La —Ly)(Lg —Lg) .,
dt Tdo [ef(t) (L’d — Ll)z Kdeq (t)
Ly — L)Ly = L)
- {1 +=2 (L,:_ L‘f)z : }e ® (2.1.26)
_0(0) (Lg — L) (Lg — L) . L)
W L, — L, ta
deg (t) _ "
1= Téng {Kaey (t) — ef () + w (O Ly — Lig(t)} (2.1.27)
deg(t) 1 [ (Lg—Ly)(Ly—Ly) .
—dt = Tq’o (L’q — Ll) qed (t)
(Lq — Lg)(Lg ~ L”)} ,
+{1+ t
[ o 1) ea(t) (2.1.28)
w(6) (Lg = Lg)(Lg = L) |
w, Ly — Ly ()
d n
v LCTCEECECICRARG)

(2.1.29)
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where

W - LW - L)
Ka =1 O T I — 1) (2.1.30)

=14 La=L)(Lg— L)
! (Lg = L) (Lg = L)

(2.1.31)

Each synchronous generator is equipped with automatic voltage regulator (AVR) and turbine
governor (GOV) systems. These control systems are modeled as first-order lag transfer functions
for the simplicity. Generator terminal voltage vi is controlled by AVR system by adjusting
excitation voltage vr. Generator rotational speed w is maintained by GOV system by controlling
mechanical input power Pp.

Equations of AVR and GOV systems

Vt,ref ’ Vt

Ka Ty

Vf,ref ’Vf

*

PP

m,ref * ' 'm

Ks: Tg

P 1
=—={(Py = Po) + K (0— @,)} (2.1.32)
dt Te
dv 1 R
dt‘=—TA{(vf —vfo)+ﬁKG(vt —vw)} (2.1.33)
Virer 1 Ky | AV Vi @+ Ke | APn Py
—> —>
%— 1+5sTa + f+ %— 1+5sTe + f+
Vt V:,ref w r:,ref
AV =V _V:,ref P.=F, - Pn:,ref

Fig. 2.3. AVR and GOV models of generator

Generator terminal voltage reference, generator terminal voltage
Gain, time constant of AVR system

Excitation voltage reference, excitation voltage

Mechanical input power reference, mechanical input power
Gain, time constant of GOV system

24



Load model

Loads in power systems consist of thousands of different and complicated components. It is
practically impossible to perfectly reflect the behaviors of all load components. Hence, load models
are expressed as aggregated simple models in general power system analysis. In static models, the
active and reactive power consumptions P and Q of a load model are dependent on its AC bus
voltage and frequency, which can be represented as (2.1.34) and (2.1.35). The subscript 0 indicates
the initial operating condition values. Af represents the frequency deviation from the nominal AC

bus frequency. The constant impedance (constant Z) model, the constant current (constant 1) model,
and the constant power (constant P) model are represented in the first, second, and third terms with
the coefficients p1, p2, and ps respectively [26]. In dynamic load models, it is important to consider
the characteristics of induction motors since they take the largest portion in many power system
loads.

P= Po{pl(\%)z + pz(\%) + pg}(1+ K Af) (2.1.34)

0

Q =Qo{q1(¥)2 +q2(\\,’—)+qs}(1+ Ky ) 2.139)

0
Wind power plant model

The installation of large-scale wind power plants is one of the main objectives of this
dissertation. In such scenarios, several nearby hundreds or thousands of wind turbines are
aggregated to be handled. Therefore, aggregated large-scale wind farm models are introduced in
power system models in this dissertation.

In order to simplify the implementation of wind farm models, the static model in Fig. 2.5 is
adopted. vswr indicates the wind-farm-connected point of common coupling (PCC) bus. In normal
operations of vswr > 0.9 p.u., the wind farms are considered as the static load models with constant
power characteristics. If vswr drops below 0.9 p.u., they are handled as static constant current loads
considering the current limiters of wind power plant converters.

Inverter-driven RES facilities including photovoltaic generations (PV) and wind turbines
(WT) are needed to be blocked or disconnected during the voltage drop of the connection point to
protect the facilities. On the other hand, the attention should be carefully paid to the massive
disconnections of these units considering the power supply and demand imbalance. In this context,
such inverter-driven RES facilities are required to equip with fault ride through (FRT) capabilities.
They imply that the facilities should be able to endure a voltage drop and be connected to the grid
side. Different voltage profile criteria have been determined by many power system operators. In
this dissertation, the FRT requirement for wind power generation facilities in Japan by [27] in Fig.
2.5 is implemented. According to [27], a wind farm model is allowed to be disconnected if the
wind-farm-connected AC bus voltage does not satisfy the voltage profile in Fig. 2.5.
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Pwr4
Constant Constant
P Current Power
WF,0
= PWF,max__
R (Suppressed by
Current limiter)
0 Vs WFdis Vswreri = 0.9 p.u. Vs WF
(Determined by (PCC bUS)
Wind Farm FRT)
Fig. 2.4. Static wind power plant model
Vs\WF A
Vs,WF,0
0.9 Vswrpo
Continue
Operation
Disconnected
, >
0 0.15 1.5 Time

[second]

Fig. 2.5. Fault ride through requirement of wind power plant model [27]
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2.2 VSC HVDC System Model

Several types of VSC HVDC models have been proposed for the power system analysis,
which is summarized in [28]. Full physics-based models can simulate the behaviors of VSC HVDC
systems most accurately, but it requires extensive computational burdens. The detailed and
simplified characteristics of IGBT switching characteristics are modeled in the IGBT-based
models. The Thevenin equivalent circuit is derived based on a simple circuit reduction in
equivalent-circuit-based model. In the average value model, the detailed behaviors of switching
devices are not considered. A VSC converter is represented as the controlled voltage and current
sources in the average value model. In this dissertation, the average value model approach is
adopted in which only the fundamental frequency component of the AC controlled voltage source
is taken into account.

The average value model of VSC HVDC system with the control system is described in Fig.
2.6. Not only monopole HVDC systems, but bi-pole HVDC systems with symmetrical operations
can also be simulated with this model. The representations of ‘dq’ frame for this VSC HVDC
system model indicates the synchronously rotating frame with synchronous rotational speed wo.
Therefore, it should be noted that the meaning of ‘dq’ frame for this VSC HVDC system model is
different from ‘dq’ axes explained in the synchronous generator model. Phase reactor, transformer,
and AC filter components are represented as Rc and L. vc and vs refer to the AC voltages at the AC
/ DC interface bus and the voltage at a point of common coupling (PCC) bus respectively. The
resistive, inductive, and capacitive components of DC transmission lines are modeled as Rpc, Loc,
and Cpc respectively. The subscript %’ indicates the VSC converter number ‘i’. The grid parameters
of VSC HVDC system model per GVA in Table 2.1 are used. With the installations of DC circuit
breakers, two 0.1 p.u. reactances are added at both ends of each DC transmission line.

The behaviors of the VSC HVDC model are represented as the following mathematical
equations (1) — (4) where the active and reactive power outputs of the VSC i are defined as (2.2.5)
and (2.2.6) respectively. Kirchhoff’s current low (KCL) at DC bus of VSC i corresponds to (2.2.3).
A very low value of Rpc  in (2.2.3) is considered to simulate a fault in the DC grid side. The DC
transmission line current flow from DC bus i to DC bus j is represented in (2.2.4).

pccbus Ps + Qs VSC ‘ Ipc line
R L Poc,i LD_C" Loc Roc
+ — ¢t |Kj
AC gy ik Ve
grid o
J:‘ J:‘ = W AC circuit breaker
3ohase X DC circuit breaker
pto (Hybrid type)
dq frame
isd, is
a Reference values
Vsd, Vsq control system Ps_ref, Qs_ref,

VDC_ref, Vs_ref

Fig. 2.6. Average value model of VSC HVDC system
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disdi

Lc E = _Rcisdi + chisqi Ve — Vi (221)
di. .
C dStQ' = _Rcisqi - a)Lcisdi +chi _Vsqi (222)
dVDC i PDC i VDC i
i , | o ,
oGt Ve, DC,i Roc (2.2.3)
dID(:,Iine =—R_.| vV V 224
DC dt =—Rpclpcine TVoc,i ~ DC,j ( e )
Ps,i = Vsdiisdi + Vsqiisqi (2.255)
Qs,i = Vsqiisdi _Vsdiisqi (2.2.6)

Table 2.1. Grid parameters of VSC HVDC system model per GVA

R, 2 x10% p.u.
Le 0.03 p.u.
Rpc 1.424 x 10" p.u./ km
Lpc 2 x 107 p.u./km
Cbc Sms

A DC grid with overhead transmission lines is exposed to many DC fault types. The DC fault
types in a bi-pole VSC HVDC system are described in Fig. 2.7 [3]. Type (a), a pole-to-ground fault
is the most frequent type in DC overhead transmission systems. The influences of types (c) and (d)
on a power system operation are evaluated to be the most critical since both poles are exposed to a
large disturbance and disabled. Therefore, the fault type (d) is taken into consideration in the
analysis. As a result, it implies that the OPF solutions in this dissertation are robust from the DC
fault viewpoints so that they are able to endure the most severe DC fault type.

(a) Pole-to-ground fault
(b) Pole-to-neutral fault
(c) pole-to-pole fault

(d) bipole-to-ground fault
(e) DC bus fault

(f) neutral-to-ground fault

—~~
()
~

(@ (b) (c) (d)

L
/

|
o
[\ N o

line

NS

—pole

|
)
N —

Fig. 2.7. Types of DC faults in a bi-pole VSC HVDC system [3]
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Vector current control systems plotted in from Fig. 2.8 to Fig. 2.10 are adopted for the control
systems of VSC HVDC systems. The reference value of a variable is notated using the superscript
*. The active and reactive currents, isq and isq are decoupled by removing the feedforward terms
—wlciss and —wLcisq in the inner current controller. Consequently, the active and reactive power
outputs can be controlled independently. The values of the pre-disturbance state obtained by an
OPF solution are utilized for the reference values. The control systems in Fig. 2.8 and Fig. 2.10 are
used for this VSC operation.

Among VSC converters in a multi-terminal VSC HVDC system, a VSC is assigned to
maintain DC bus voltage Vpc instead of its active power output Ps. This VSC is called the VSC
slack in a multi-terminal VSC HVDC system. The control systems in Fig. 2.9 and Fig. 2.10 are
equipped for the VSC slack.

x
|

sdi, max i*

__________ tQ__| st
V.. 1 - ,
‘-________D(i’l__: PS,i +9_’ kp,p +kli i — kpi,i +h + VCdi
Voc droop B S . - S -

P. Isdi,min H H
S,i Isdi ol i

c'sqi

Fig. 2.8. Active current isq control system except VSC slack

k
| |(p’p+l—’p —0
Voc droop 5 i Vi
PSi sai,max Isdi k
| +(T)_. Koig + 2 %‘Vcdi
- ity I
Voei + ok +ﬁ I s min i, ol
— p.dc S
VDC‘i
Fig. 2.9. Active current isq control system for VSC slack
|*_ * Vsqi
Q* " sqi,max |Sqi
S,i ; k. .
o] k - o —1 FJE_. K 4 ibi + v
_ p.a 5 J i pii S h cqi
Qs,i Isqi,min isqi a)Lcisdi

Fig. 2.10. Reactive current isq control system

29



The active and reactive current references; isq and isq of a VSC converter are produced by the
outer controller. These current reference values are limited by its VSC current limiter considering
the VSC capacity. Since both active and reactive currents can be controlled independently, several
methods for a VSC current limiter can be considered depending on priorities of isq and isq.

The method adopted in this dissertation is the constant power factor method in Fig. 2.11.

When _/i7, +iZ, exceeds the VSC current capacity, both is” and isq” are limited while the power

factor is fixed as described in Fig. 2.11. Here, this method is applied to utilize the controllability
of both the active and reactive currents.

On the other hand, the active current reference isq” has higher priority to the reactive current
reference isq in Fig. 2.12. This method aims at maximizing the controllability of iss™ as much as
possible. The VSC capacity is allocated preferentially for isq"control. The rest of the VSC capacity
is assigned for isq control.

The reactive current reference is; can also have higher priority to the active current reference
isa . This method can be adopted in cases of controlling AC grid side voltage, STATCOM-mode
operation, dynamic voltage support and so on. The VSC capacity is assigned preferentially for
isg control and the rest is allocated for isq“control as illustrated in Fig. 2.12.

before current limiter after current limiter

isq isq

-k
Isq

0 / isd isd I 0 isd isd

Fig. 2.11. Constant power factor method of VVSC current limiter

30



before current limiter after current limiter

isq isq

*

Isq

/ i s =

Fig. 2.12. Active current isq priority method of VVSC current limiter

isd

dA
/1N

before current limiter after current limiter

isq isq

* _\

Isq I;q

isd isd isd

ah
D

Fig. 2.13. Reactive current isq priority method of VVSC current limiter

As for the DC voltage control cooperation of multi-terminal VSC HVDC systems, the VSC
slack is in charge of controlling DC bus voltage as explained above. However, this method has a
critical disadvantage that DC voltage cannot be maintained properly in case of the VSC slack
outage or a fault occurrence near the VSC slack. In order to overcome this problem, other VSCs
are also needed to participate in the DC voltage control. Two popular approaches for the
cooperation of the DC voltage control are developed. The modified hybrid version of these
approaches is adopted in this dissertation.
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Alternative VSC slacks are prepared considering the outage of the original VSC slack in the
voltage margin method [29]. For example, VSC A in Fig. 2.14 is the VSC slack controlling the DC
voltage in the normal state. Other two VSCs operate by controlling their active power outputs
respectively. If VSC A is not available due to a contingency, either VSC B or VSC C takes the part
of the VSC slack. In Fig. 2.14, VSC B with narrower DC voltage margin replaces the charge of the
original VSC slack. In case of the outages of both VSCs A and B, VSC C is in charge of the VSC
slack. One of the advantages of this method is that the active power outputs except the VSC slack
are maintained as constants. Nevertheless, it is difficult task to determine the proper DC voltage
margin for each VSC. On top of that, the disadvantage of the high responsibility of the original
VSC for the DC voltage control cannot perfectly be relieved.

The other cooperation method is the DC voltage droop control using the concept of Fig. 2.15,
(2.2.7), and (2.2.8) [29]. The droop control of a VSC adjusts its active power reference value
depending on its DC voltage deviation. In contrast to the voltage margin method, multiple VSCs
can participate in the DC voltage control simultaneously. As a consequence, the large responsibility
of only a single VSC slack can be relieved by this droop approach. Various types of DC voltage
droop control systems have been investigated; voltage-active power droop in [30], voltage-current
droop in [31], and DC voltage droop with dead-bands in [32]. An example of the DC voltage droop
control with the voltage-active power droop is plotted in Fig. 2.16. Different droop gains can be
used as described in Fig. 2.16. In Fig. 2.16, VSC A with the lowest absolute value of the slope
takes the most part of the DC voltage control. Although the DC voltage droop control has these
aspects, the adjustments of the original reference values can trigger additional disturbances to the
original system operation due to the deviations of reference values.

Considering these characteristics, the control systems in Fig. 2.8 and Fig. 2.9 are designed
for the DC voltage control cooperation in this dissertation. In the normal state or with negligible
disturbance cases, a VSC except the slack controls its active and reactive power outputs. Only the
VSC slack is in charge of controlling DC voltage to be constant. This is similar to the characteristics
of the conventional voltage margin method. On the contrary, if a VSC is equipped with the DC
voltage droop control, the DC voltage droop control is activated by using the concepts of Fig. 2.15,
(2.2.7) and (2.2.8). Here, a Ve deviation | Voc™ — Voc | larger than 0.05 p.u. is considered to be a
significant Vpc deviation. Therefore, the DC voltage droop control is activated if | Voc™ — Voc | >
0.05 p.u..

1

Aps = Ps,ref - Ps :_k_(VDC,ref _VDC) (227)
droop

I:)s,droop = Ps + AI:)s (228)
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Vbc Voc Vbc

A A A
| Vbe high_c
I Ve a* | Vbc high_B P
1 1
! I : VDC‘I / B : VDC,Iow C
i : L F o B
1 1 1 1 1 !
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I 1 1 1 I !
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Ps,.min Ps,[nax R Ps:min Ps,B* P&[nax R Ps,.min PS,C* Ps‘.max R
Inverter 0 Rectifier Ps Inverter 0 Rectifier Ps Inverter 0 Rectifier Ps
VSCA VSCB VSCC

Fig. 2.14. Example of DC voltage margin control of a multi-terminal VSC HVDC system

F:’s‘ref F;s

Inverte'r 0 Rectifier Ps

Fig. 2.15. DC voltage droop control of a VSC

Vbc Voc Voc

\ Voot
1
1
1
1
1
1
1
1
1
1
1
1

|

I\?Q Voca*
\l Vocs* h.N‘

Ps,'.min P.S,A* Ps,':nax _ Ps,.min PS.,B* Ps‘:max -~ Ps,.min PSV.E:* Ps,llmax R
Inverter 0 Rectifier Ps Inverter 0 Rectifier Ps Inverter 0 Rectifier Ps
VSCA VSCB VSCC

Fig. 2.16. Example of DC voltage droop control of a multi-terminal VSC HVDC system

Considering the power supply and demand imbalance, VSC HVDC systems are also required
to equip with the FRT capability [33]. When a PCC bus voltage drop below Vpiock is measured, the
corresponding VSC is blocked. A VSC converter is allowed to be disconnected when the PCC bus
voltage drop fails to satisfy the FRT requirement in Fig. 2.17.

The FRT grid code for VSC HVDC systems in [33] where the ranges of voltage and time
parameters are defined is quoted. The adopted voltage and time parameters for the FRT grid code
of VSC HVDC systems are listed in Table 2.3. Except Vbiock and Trec2, the parameters are selected

33



to be able to endure the most severe condition. Vrec2 is determined considering the lower limit of
AC bus voltage constraint of the OPF analysis in the normal state. In this analysis, Vrec2 = 0.9 p.u..
Regarding Vbiock, it is set as 0.2 p.u., but different Viiock Criteria can also be applied depending on

system operators.

Vs 4

Vs,0

VrecZ
Vit Continue

Operation

Volock - =4 o= N S S
Disconnected
Vret -
0 Tetear Trect Trecz Time
[second]

Fig. 2.17. FRT requirement of VSC HVDC system [33]

Table 2.2. Voltage and time parameter ranges of FRT requirements in Fig. 2.17 [33]

Voltage parameters [p.u.] Time parameters [seconds]
Vret 000 — 030 Tclear 0 14 — 025
Vrecl 0.25-0.85 Trecl 1.5-2.5
Vrec2 085 — 090 TI’ECZ Trec] — 10

adjustable by
Vblock each TSO

Table 2.3. Voltage and time parameters of FRT requirement

Voltage parameters [p.u.] Time parameters [seconds]
Vet 0 Tclear 0.25
Vrecl 0.85 Trecl 1.5
Vrec2 0.90 Trec2 5
Vhblock 0.20
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2.3 Protection Strategy of Mixed AC / VSC HVDC System

Currently, several HVDC system protection methodologies against a DC fault have been
developed [3], which is briefly summarized in this dissertation.

For starters, AC grid side breakers at converter stations can be used for the DC fault
clearance. Since mechanical AC breakers are used, this takes several cycles of the fundamental AC
frequency, which is relatively slow compared to other methods. Moreover, this method leads to the
loss of the entire HVDC system during several fundamental AC frequency cycles. Hence, this
protection is proper for HYDC systems with small-scale point-to-point or simple configurations.
DC grid is needed to be re-energized before it is brought back to pre-fault operation. In this context,
MMC HVDC systems without any aggregated DC capacitor of VSC converter are advantageous.

The second method is utilizing converters with the fault-blocking capability. The DC fault
blocking behavior of this method is fast and it does not require any DC circuit breakers.
Nevertheless, the whole HVDC grid is also lost by this method. All converters should have the
fault-blocking capability to apply this method.

The last method is adopting DC circuit breakers (CB). Current waveforms in AC systems
have natural zero current moments. AC fault current extinction can be carried out using these
natural zero current moments. On the other hand, due to the absence of natural zero DC current
moments, the capability of making artificial zero DC current is required for DC CB technologies.
A HVDC grid is classified into different protection zones using DC CB. Unlike the previous
methods, selective DC fault clearance is possible by this approach. Normally, each DC
transmission line is classified as an individual protection zone.

Normally, three types of DC CB are discussed to be utilized in HVDC systems. The
mechanical-type-based DC CB is the most economical. However, the operation speed of this DC
CB type is the slowest. The solid-state-type DC CB is the fastest DC fault clearance approach.
Nevertheless, the expensive cost and large on-state loss are the limitations.

In order to overcome these drawbacks of two previous DC CB types, hybrid-type DC CB is
proposed. This DC CB type is more economical and has acceptable on-state loss compared to the
solid-state-type DC CB. In addition, this hybrid-type DC CB is still able to clear a DC fault
selectively with acceptable speed [4], [34]. In this context, this hybrid-type DC CB is evaluated as
the most practical method for multi-terminal VSC HVDC systems. Therefore, this hybrid-type DC
CB is adopted for DC fault clearance in this dissertation.

The DC fault clearing time consist of breaking time and fault clearance time [34]. The
breaking time and the fault clearance time indicate the rising current and the decreasing current
periods respectively. Short breaking time is desirable to obtain low maximum current breaking
capability and as a result, low DC CB costs [34]. Here, the DC fault current clearance with 2ms
breaking time and 3ms fault clearance of hybrid-type DC CBs described in Fig. 2.18 [34] are
considered.
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IDC_Iine,O
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Fig. 2.18. DC fault current extinction model by hybrid-type DC circuit breaker [4], [34]

When a bipole-to-ground DC fault occurs in a VSC HVDC system, the nearby VSC is
blocked. The DC voltage at the fault location drops to zero [35] unlike a single pole-to-ground
fault. DC CBs are activated to remove the fault selectively and make artificial zero DC current.
The DC transmission line on the fault location are opened after the fault clearance time, 5ms. This
line is opened until the de-ionization of the DC faulted line is completed, which typically requires
150ms [36]. After that, the faulted line can be reclosed and VSC can be de-blocked at 155ms.

It should be reminded that the DC voltage at the fault location is zero. This DC voltage is
needed to be recovered, which is named as ‘Vpc recovery process’. If the faulted DC line is re-
operated without this voltage recovery process, large DC voltage differences between the fault
location and other DC buses lead to huge DC current flows. This can damage HVDC grid facilities
and even re-trigger DC fault protection process.

The concept of Vpc recovery process is described in Fig. 2.19 in which a point-to-point VSC
HVDC system is considered for a simple explanation. A DC fault occurs and is cleared by the
hybrid DC CBs on the faulted DC transmission line. The DC CBs on the faulted DC line are opened
until 155ms for the complete de-ionization. The DC voltage at the fault location Vpc 1 is zero.

After t = 155ms, the blocked VSC can be de-blocked and Vpc recovery process is activated.
The DC CBs are still opened during Voc recovery process. The de-blocked VSC supplies active
power towards the DC grid to charge the DC capacitor Cpc, of the fault location. In other words,
active power is supplied from AC grid towards DC grid by the de-blocked VSC.

From another point of view, this Vpc recovery process gives substantial influence on AC
grids. This concern grows as the capacity of a VSC HVDC system increases. Especially, the PCC
bus voltages at wind-farm-connected buses are needed to be controlled carefully for proper
operations of wind farms. From this aspect, the following procedure is proposed to relieve the
burden of AC grid side. After a VSC is de-blocked, the VSC is also assigned to produce its pre-
fault reactive power output for effective AC bus voltage control. This can be achieved by returning
its reactive power output reference Qs as the pre-fault value Qso. The rest of the VSC capacity

— e — Q.- s allocated to recharge Coc by supplying active power.
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This recovery process continues until the DC voltage at the fault location Vpc 1 recovers
above a certain threshold, Vpc,r. Here, Vpc s is set to be 0.8 p.u. After that, the DC circuit breakers
are re-closed. The de-blocked VSC operation mode is switched to the pre-fault control mode.

This whole protection strategy process is summarized in Fig. 2.20.

until t = 155ms |DC line =
Poci=0 CB
@—l—«:»— = M & —1:»—'—@
AC VSC CDC]_:VDC 1=0 Dcfé;‘?:(!t Voc, Zj_:CDcz AC
grid = - - = grid
blocked

After t = 155ms

P;k: \/SVZSC,TX—Q;Z Ipc line =0
|Q :_'I__o/o_m_/\/\/\/\_o\oT |K}

%

%

C Vpc,1 >0 Vocz2 | Coc,
C Q5 = Qs0 VSC DCI B :|=: e AC
an De-blocked — o
After Vbc,1 > Voc,r (= 0.8 p.u.)
Ps = Pso DC CB Ioc.ne DC CB
S — S,
— Poc.1 reclosed - reclosed
(: )—I—!:b— € 1€} —1:»—'—@
C V+ Vi : C
* DC,1 DC,1 DC,2 DC,2
A Qiaqe oY “L AC

grid grid

Fig. 2.19. Concept of Vpc recovery process

DC grid AC grid

VSC blocked

Stage 1 Ppc =0,
Ioc_tines 7> Vocis |

Stage 2 Ioc_jines 1
(Vpcr=0) (but after hybrid DC CB

breaking time, i;=0,
IDC_Iine,f U Ps = 0: Qs =0

Ioc_tine = 0,
DC lines near fault
: opened at 5ms

De-ionization
during 150ms

at 155ms, VSC de-blocked,

Stage 3

opened DC lines : reconnected,

Vs recovery starts

Fig. 2.20. Protection strategy of mixed AC / bipole VSC HVDC system against a DC bipole-to-
ground fault
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2.4 Power System Models

The IEEJ EAST 10-machine System Model [37] is adopted to simulate the installation of
wind power plants in Japan. Base Case system model in Fig. 2.21 is composed of two areas. The
upper area has low-demand and high wind potential. Considering this wind potential, two wind
farm units are installed in the upper area. Both wind farms produce active power with unity power
factor. In contrast, the amount of load demand in the lower area is larger than that in the upper area.
These two areas are interconnected via the tie-line; the line between AC buses (36) and (17).

Six thermal power plant models; G1, G4, G6, G8, G9, and G10 are included in the system
model. G6 is assigned as the slack generator. G2 and G7 represent the nuclear power plant models.
G3 and G5 correspond to the pump-storage hydro power plant models. The detailed system data
can be seen in [37]. In order to reflect the reduced role of the thermal power plant units, the
minimum active power production limits of these units are adjusted to the minimum productions
of their respective single generator units as can be seen in Table C.3 in Appendix.

Considering the N-1 criterion, each single-circuit AC transmission line can operate up to 140%
overload power flow of its rated capacity for 10 minutes. The loads in the upper area have leading
0.95 power factor. The loads in the lower area have lagging 0.95 power factor. All loads are
calculated as static constant impedance load models. It is assumed that sufficient amounts of shunt
reactors and capacitors are already prepared by the system operator at the load buses for AC bus
voltage adjustments. As regards the tap transformer settings, discretized tap ratio settings with
0.005 p.u. unit tap step between the lower and upper ratio boundaries are allowed for all tap
transformers.

The system reinforcement by either three or four-terminal 500kV bi-pole VSC HVDC system
is considered as plotted in Fig. 2.22 if required for the large-scale wind farm installations. The
transmission line lengths of DC overhead lines 1 and 2 are 600km. The length of DC overhead line
3 of a four-terminal VSC HVDC system is 100km.

The VSC converters 1 and 2 near the wind farms control their active and reactive power
outputs with the control systems in Fig. 2.8 and Fig. 2.10. In order to focus only on the AC grid
stabilization effect, these two VSCs near the wind farms are not equipped with the DC voltage
droop control. Among the rest of VSCs, either VSC 3 or VSC 4 can be selected as the VSC slack.
In the three-terminal VSC HVDC system, VSC 3 is assigned as the VSC slack. In the four-terminal
VSC HVDC system, VSC 4 is the slack converter. In fact, it has been revealed in the preliminary
investigations that the OPF results are hardly influenced by the location of the VSC slack when
transient stability analysis investigations are not considered. In the transient stability analysis, due
to the absence of the active power output controller of the VSC slack, the system stabilization effect
of the VSC slack on AC grid side is less than other VSC converters. In addition, the DC voltage
control of the VSC slack is carried out by adjusting the active power output of the VSC slack. This
active power output adjustment can lead to the destabilization effect on the nearby AC grid. Thus,
it is desired for the VSC slack to be installed near a strong AC network side [29]. Hence, the VSC
near G2, G3, G4, and G5 with relatively large rated capacities is selected as the VSC slack when
considering the transient stability investigations. Regarding the three-terminal VSC HVDC system,
the Vpc droop control is not utilized since without VSCs 1 and 2, only VSC 3 is capable of

38



controlling DC bus voltage. The control system parameters of VSC HVDC systems in Table 2.4
and Table 2.5 are adopted. These parameters are tuned by trial and error process to enable a large-
scale wind power production considering small-signal stability and transient stability viewpoints.

In the transient stability analysis, a three-phase line-to-ground fault and a bipole-to-ground
fault are simulated as the types of AC and DC faults respectively. Ideally, the OPF solution with
transient stability constraints is able to maintain stability against all faults in the whole system. To
this end, all AC and DC fault locations should be considered in the transient stability analysis.
However, only representative AC and DC fault locations notated in Fig. 2.21 and Fig. 2.22 are
taken into account to reduce computational burden. This simplification is still valid by only
selecting critical faults in the system model. The AC fault locations are chosen based on the
locations explained in [37] and near VSC stations. Similarly, the DC fault locations near VSC
stations are selected as well.

The investment costs of system reinforcements follow the values in Table 2.6. The
reinforcement of each device of a multi-terminal VSC HVDC system up to the corresponding
capacity in Table 2.7 is allowed.

The reinforcements with AC transmission systems in Fig. 2.23 are also considered for the
case comparisons. The AC reinforcements using only the existing transmission paths are included
in New AC system 1. The reinforcements using the new transmission paths in Fig. 2.23 are taken
into account in New AC system 2. The AC reinforcement paths in New AC system 1 are classified
into four groups. The reinforcement capacities of the transmission lines belong to the same group
are assumed to be same to reduce the number of control variables in the optimization process. This
assumption is applied to New AC system 2 as well. As for the reinforcement capacities, up to the
capacities in Table 2.8 are allowed considering the large-scale wind farm installations. Less than
the single-circuit AC transmission line capacity; 6.7GW is not allowed for the new transmission
line paths of AC groups 1b and 2b in New AC system 2.

Regarding the maximum reinforcement capacities of AC transmission systems, the
installations up to double-circuit AC transmission line; 2 x6.7GVA for each reinforcement group
are considered in New AC system 2. New AC system 1 also has the same maximum reinforcement
capacity except AC group la. Since up to two double-circuit AC transmission lines can be installed
between the upper and the lower areas in New AC system 2, the reinforcement with up to
quadruple-circuit transmission line is taken into account for AC group 1a in New AC system 1 for
the balanced simulation condition with New AC system 2. The maximum MTDC reinforcement
capacities in Table 2.7 are also close to these maximum AC transmission reinforcement capacities.

The investment costs of VSC HVDC system devices and AC transmission systems are listed
in Table 2.6 and Table 2.8. According to these investment costs in Table 2.6, the same investment
cost is obtained for both point-to-point AC and VSC HVDC 600km overhead transmission systems
when neglecting the DC circuit breaker costs.
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Fig. 2.21. Base Case system model with wind farms
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Fig. 2.22. Mixed AC / multi-terminal VSC HVDC system models (left : three-terminal, right :
four-terminal)
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Fig. 2.23. System models with AC transmission reinforcements (left : New AC system 1, right :
New AC system 2)
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Table 2.4. Parameters of three-terminal VSC HVDC control system

Unit : [p.u.]
kdroop kpi Kii kp,P ki,P kp,DC ‘ ki,DC kp,Q ki,Q
VSC1
vs€2 1 20 1 2 1 2
VSC3 10 30
Table 2.5. Parameters of four-terminal VSC HVDC control system
Unit : [p.u.]
kdroop kpi Kii kp,P ki,P kp,DC I ki,DC kp,Q ki,Q
VSC1
VSC2
VSC 3 01 1 20 1 2 1 2
VSC4 | 0.1 10 | 30
Table 2.6. Investment costs of reinforcement devices [2]

Device Cost Unit
500kV VSC 14,000,000 JPY / MVA
500kV bidirectional hybrid type DC circuit breaker 7,000,000 JPY / MVA
500kV DC overhead line 16,700 | JPY /(km x MW)
500kV AC substation 4,000,000 JPY / MVA
500kV AC overhead line 50,000 | JPY /(km x MVA)
AC group la 38,000,000 JPY / MVA
AC group 2a 32,000,000 JPY / MVA
AC group 3a 23,000,000 JPY / MVA
AC group 4a 32,000,000 JPY / MVA
AC group 1b 38,000,000 JPY / MVA
AC group 2b 38,000,000 JPY / MVA
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Table 2.7. Maximum reinforcement capacities of multi-terminal VSC HVDC systems

. Maximum
System Device . .
reinforcement capacity
VSC1
VSC 2 12 GVA
Three-terminal VSC HVDC VSC 3 2 x12 GVA
DC line 1
DC line 2 12GW
VSC1
VSC 2
VSC 3 12 GVA
Four-terminal VSC HVDC VSC 4
DC line 1
DC line 2 12 GW
DC line 3

Table 2.8. Components of New AC system reinforcements

. AC overhead line Max1mum
System Number of substations length reinforcement
capacity
AC group /a 2 (at loads 20 and 31) 600km 4 x 6.7 GVA
AC group 2a 3 (at loads 38, 39, and 44) 400km
AC group 3a 3 (at loads 40, 41, and 45) 220km 2 x 6.7 GVA
AC group 4a 3 (at loads 42, 43, and 46) 400km
AC group 1b 2 (at the left wind fla;‘erlr(l1 e;ric)l 600km
AC group 2b 2 (at the right wind fla;rl]rcl1 e;r;gc)l 600km 2 x 6.7 GVA
AC group 3b 0 100km

Table 2.9. Fault numbering

AC fault near VSC 1 AC fault 1
AC fault near G7 (AC tie-line side fault) AC fault 2
AC fault near VSC 3 (close to AC bus 21) AC fault 3
AC fault near VSC 4 (close to AC bus 28) AC fault 4
AC fault close to AC bus 35 AC fault5
DC fault near VSC 1 DC fault 1
DC fault near VSC 2 DC fault 2
DC fault near VSC 3 DC fault 3
DC fault near VSC 4 DC fault 4
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3. Stability Constrained Optimal Power flow in Mixed
AC / Multi-Terminal VSC HVDC System with Wind
Power Plants

3.1 Multi-Period Classification

Regarding power system reinforcement planning, the long-term economic benefit analysis
during the life-time of the reinforcement facilities is necessary. However, a significant
computational burden is required for this economic benefit investigations during several decades.
In order to overcome this barrier, a simplified annual economic benefit analysis is applied.

Every year during the entire life-time of the reinforcement facilities has the same amount of
load consumptions. As a result, the economic benefit analysis can be carried out only for one year.
The annual result is multiplied by a coefficient to obtain the total economic benefits during the
entire life-time. one year is classified into several multi-periods considering four seasons and two
load patterns of the environments in Japan. In order to reflect wind power output variations, three
wind power output patterns; low, average, and peak wind outputs and the corresponding time ratios
Riow, Raver, and Rpeak are taken into account. The parameters of the wind outputs and the time ratios
are decided considering the environment in Japan. All 18 sections in Table 3.1 are treated to be
mutually exclusive.

As a consequence, the annual fuel cost of a mixed AC / multi-terminal VSC HVDC system
and the wheeling charge of a VSC HVDC system are obtained by calculating the costs of all 18
sections. As for the annual fuel cost, the fuel costs with the low (F.C.iow), average (F.C.aver), and
peak (F.C.peak) Wind productions in a period are calculated. These costs are multiplied by their
respective time ratios. The results are summed up to obtain the fuel cost in a period F.C.period in
(3.1.1). The annual fuel cost in year ‘¢’ F.C.annuat iS calculated by summing up all periodical fuel
costs which are multiplied by kp oy in (3.1.2). The annual wheeling charge in year ‘t’
HVDCuwh,annualt IS Obtained in the same way. Based on the sectional and periodical wheeling charge
costs in (3.1.3), HVDCuh,annualt can be obtained by the sum of all periodical wheeling charge costs
multiplied by kp 10 y in (3.1.4).

F.C.period = Riow % F.C.iow + Raver X F.C.aver

311
+ Rpeak % F.C.peak ( )
F-C-annual,t: kp_to_y x Y F.Can periods (3.1.2)

HVDth,period = Riow X HVDCuh,low
+ Raver x HVDCWh,aver (313)

+ Rpeak %< HVDCuwh,peak
HVDCuh,annuatt = Kp_to_y X Z HVDCun,all periods (3.1.4)

Kp_to_y Coefficient converting periodical cost to annual cost

(= (365 days / 4 seasons) = (24 hours / 2 periods) )
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Table 3.1. Multi-period classification of one year

Load Total Wind Time Section
Season load output / .
pattern [GW] capacity ratio number

2% Riow=30% 1

Sorin Zf:rliolgal‘; 555 | 27.5% | Rue=60% 2
pring 100% | Rpea=10% 3
2% Riow=30% 4

Autumn (Ll,"e‘:mlgaz‘; 288 | 27.5% | Ruer = 60% 5
100% | Rpear=10% 6

2% Riow = 33% 7

Zf:rkijgz‘; 76.0 15% | Rue = 62% g

100% Rieat = 5% 9
Summer Low-load 2% Riow = 33% 10
(p‘?ﬁ;ﬁ% 36.0 15% Raver = 62% 11
100% Rieat = 5% 12

2% Riow = 25% 13
Zf:rki:g‘g 62.5 40% | Rawer=60% 14

Winter 100% | Rpea=15% 15
Low-load 2% Riow = 25% 16
(Deriod ) | 329 40% Raver = 60% 17
100% | Rpeat=15% 18
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3.2 Hierarchical Stability Constrained Optimal Power Flow

The proposed hierarchical optimal power flow analysis consists of two separate steps. In the
first step, the investment cost of a system reinforcement planning is determined. The maintenance
costs of the reinforced systems are neglected for the simplicity. Based on the system reinforcement
planning in the first step, the optimal operation in each time section is calculated in the second step
to obtain the system fuel cost and the wheeling charge.

Step 1 — Transmission Expansion Planning Stage

The optimization problem (3.2.1) — (3.2.15) is solved to determine the system reinforcement
planning in Step 1. Only six sections with peak wind production conditions: Sections 3, 6, 9, 12,
15, and 18 are solved in Step 1 considering that the main purpose of the transmission system
reinforcement is the wind power transmission.

min fTotal (XO'UO) = fl + fInv,hour + penalty (321)
subjectto  9o(X,,Uy) =0 (3.2.2)
h,(X,,U,) <0 (3.2.3)
9i (X u ) =0 (324)
h,(X,u,) <0 (3.2.5)
lu, —u, [ Au, (3.2.6)
All real (7\,) < Omax,0 (327)
-0
¢ == 2%m 3.2.8
N (3:28)
| 0i () = ocor (t) | < Omax (3.2.9)
Vs,min < Vs(t) < Vs,max (3210)
Vocmin < Vpc(t) < Ve max (3.2.11)
| IDC,line (t) | < kTh X IDC,line,rated (3212)
where

f,= > (Cec +BgP, + A,P?
A G;g( o +BsPs + AsR) (3.2.13)
flnv,hour = M (3214)

365x%x 24
CRE — AL+ (3.2.15)
@+in" -1 2.
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Normal state O

Contingency case k

State variable vectors

Control variable vectors

Auk Control variable re-dispatch capability

c X X O

G Generator G

Ps Active power productions of generators
AB,C Fuel cost coefficients

g Set of equality constraints

h Set of inequality constraints

A Eigenvalue

o Real part of an eigenvalue

) Imaginary part of an eigenvalue

é Damping ratio of an eigenvalue

) Rotor-angle of generator or Center of Inertia
Col Center of Inertia

Ipc line DC line current

IDC line rated Rated value of DC line current

ir annual interest rate

LT Life-time of VSC HVDC system

CRF Capacity ratio factor

Obijective function of Step 1

The objective function frotal (3.1.1) consists of the hourly fuel cost f; of a system model and
the hourly investment cost of a reinforcement planning finv,nour in each period. f1 is defined by the
sum of the quadratic functions of thermal power plant productions P using the fuel cost
coefficients Ag, Bg, and Ce.

The total investment cost of a reinforcement planning finvtotar 1S converted to the hourly
investment cost finv nour USing the concepts of (3.2.14) and (3.2.15) to be integrated in frotal [38]. For
the life-time LT of the system reinforcement facilities, the annual interest rate ir is considered. In
this analysis, LT and ir are considered as 30 years and 1% respectively. If one of the constraints is
not satisfied, a large penalty value is added to the objective function value.

It is worth noting that not only the system reinforcement costs, the hourly operation cost f1 is
also taken into consideration in Step 1. The purpose of this objective function is to obtain the
effective solution considering both the system reinforcement and operation aspects. In other words,
without f1 in the objective function in Step 1, the possibility where an impractical system operation
cost is obtained exists.

As a consequence, the cost results of 1 and finvnour are obtained by Step 1. However, only the
investment cost result finv,nour is utilized since the fuel cost result f; of Step 1 is not the final optimal
solution from the operation cost viewpoint. Therefore, additional optimization process is required
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to find the optimal operation condition, which corresponds to the second step of the hierarchical
OPF analysis.

Control variables

The objective of OPF analysis is to find the optimal objective function value by adjusting
controllable variables in a power system model. The control vector u consists of all controllable
variables.

Similar to the conventional OPF analysis, u includes the active power productions and the
terminal bus voltage magnitudes of thermal power plants in AC grids. It should be noted that if a
thermal power plant is assigned as the slack generator of an AC grid, the active power production
of the plant is not controllable in the OPF analysis. In addition, the reactive power outputs of shunt
reactors, capacitors, and tap transformer ratio settings are also included in the control vector u to
adjust AC bus voltages. Furthermore, the active and reactive power outputs of VSC converters are
also the components of u in cases of mixed AC / VSC HVDC systems. As with AC grids, the active
power output of the slack VSC is not controllable.

In Step 1, u includes the reinforcement capacities of transmission systems as well. For
example, the reinforcement capacities of AC groups 1la, 2a, 3a, and 4a are calculated as the
controllable variables of New AC system 1 in Step 1 analysis. Similarly, the capacities of VSCs 1
~4 and DC lines 1 ~ 3 are handled to be controllable of four-terminal VSC HVDC system in Step
1 analysis. On the contrary, these reinforcement capacities are not classified as the controllable
variables in Step 2.

Equality Constraints
Active power balance at all AC grid buses

Pe.ac.i = Pac_ioas,j + Risc.ac.j = Pac | (3.2.16)
Reactive power balance at all AC grid buses

Qs ac,i = Qac_ioad,j + Qusc.ac.j = Qac. j (3.2.17)
Active power balance at all DC grid buses

Pe.oc.i t Risc.oc.i = Poc ioad,j = Pocj (3.2.18)
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i Bus number

Pcac Active power injection by generators in AC grid
Qc.Ac Reactive power injection by generators in AC grid
PAc_load Active power consumption by AC loads
QAc_load Reactive power consumption by AC loads
Pvsc.ac VSC active power injection into AC grid
Qvscac VSC reactive power injection into AC grid

Pac Net active power injection into AC grid

Qac Net reactive power injection into AC grid

Pe.oc Active power generation in DC grid

Pvscoc VSC active power injection into DC grid
Pbc_load Active power consumption by DC loads

Poc Net active power injection into DC grid

Inequality Constraints

The active, reactive, and apparent power outputs of synchronous generators are constrained
by their respective lower and upper production limits from (3.2.19) to (3.2.21). The upper
production limit values of the generators in [37] are referred. As for the lower production limits of
thermal power plants, the limit of single generator unit is considered. For example, G1 model with
7,000MW rated active power production consists of ten generator units. The minimum active
power production limit of single G1 generator unit is 140MW. In this case, the lower and upper
active power production limits of G1 are 140MW and 7,000MW respectively.

The active, reactive, and apparent power productions of a VSC are also limited by their
respective lower and upper limits from (3.2.22) to (3.2.24). The apparent power production upper
limit is determined by the capacity of a VSC converter. For instance, the lower and upper limits of
VSC apparent power outputs are zero and 1GVA if the VSC capacity is 1GVA.

The lower and upper production limit magnitudes of a VSC active power output are identical
to the VSC capacity. The primary purpose of installing a VSC HVDC system is the active power
transmission of wind power plant outputs and AC grids. Hence, the maximum production
capability of a VSC is directly applied to the lower and upper production limits of the VSC active
power output.

The lower and upper production limit magnitudes of a VSC reactive power output are also
decided by the VSC capacity. For example, the lower and upper limits of a VSC reactive power
output are ~1GVAR and 1GVAR if the VSC capacity is 1GVA.

All bus voltage magnitudes of AC and DC grids are constrained between 0.9 p.u. and 1.1 p.u.
in normal operations by (3.2.25) and (3.2.26). The ratios of all tap transformers Rip are limited
between the minimum ratio 0.95 and maximum ratio 1.05 in (3.2.27). The active power flow results
viaall AC and DC transmission lines are limited within their respective transmission line capacities
in (3.2.28) and (3.2.29).
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Lower and upper limits of AC generator active power output

max
< I:)G,AC,i < F)G,AC,i

P min

G,AC,i

Lower and upper limits of AC generator reactive power output

(T,Ir;\c,i < QG,AC,i < Qg],aﬁ)\(c,i
Lower and upper limits of AC generator apparent power output

max
G,AC,i < SG,AC,i

S min

G,ACii

<S
Lower and upper limits of VSC converter active power output

min max
I:IISC,AC,i s I:</SC,AC,i < I:Q/SC,AC,i

Lower and upper limits of VSC converter reactive power output

min max
SC,AC,i < Q/SC,AC,i < Q/SC,AC,i

Lower and upper limits of VSC converter apparent power output

S\;nSIg,AC,i < SVSC,AC,i < S\/T():(,Ac,i
Lower and upper limits of AC bus voltage magnitude in the steady-state
V min <V <V max

AC,j = "AC,j = TAC,]

Lower and upper limits of DC bus voltage in the steady-state
VDmclrjj SVDc,j SVL;nca?(j
Lower and upper limits of tap transformer setting

w <Rap<Rap

AC transmission line capacity limit
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(3.2.21)

(3.2.22)

(3.2.23)

(3.2.24)

(3.2.25)

(3.2.26)

(3.2.27)



PA”;‘?ij <0<P,; <P (3.2.28)

DC transmission line capacity limit

Pocj <0< Pocj <Pocy (3.2.29)
Sc.ac Apparent power injection by generators in AC grid
Svsc.ac VSC apparent power injection into AC grid
Vac AC bus voltage
Vbc DC bus voltage
Ruap Tap ratio
Pacij Active power flow from AC bus i to AC bus j
Pocjj Active power flow from DC bus i to DC bus j

In order for reliable power system operations, the operations are determined to be able to
cope with contingency cases. In general, the N-1 criterion is adopted in power systems to guarantee
reliable system operations against the malfunction of one facility. The word ‘N-1" implies that a
power system can be operated even one facility of the system is disabled. This N-1 criterion is
included as the additional constraints (3.2.4) — (3.2.6) in this analysis. This OPF analysis is called
security-constrained optimal power flow.

Given the contingency case k, the following post-fault analysis is solved to consider the N-1
criterion. The linearized DC OPF is adopted for this post-fault analysis. Thus, the constraints
regarding bus voltage magnitudes and reactive power outputs are neglected. The aim of this post-
fault analysis is to find the infeasibility of the OPF solution up considering the re-dispatch of the
control variables during 30 minutes after the contingency case k, | ux — uo|. If | ux — uo | exceeds the
upper limit of the control variable re-dispatch Aug, positive zx and yx values are detected. In such
cases, it is classified that ug does not satisfy the N-1 criterion. up is accepted as the feasible solution
when a positive yk is not detected for all contingency cases.

min e’z =y, (3.2.30)
subjectto 9, (X.,u) =0 (3.2.31)
h,(x.,u,)<0 (3.2.32)

lu, —U, | -Au, <z, (3.2.33)

2,20 (3.2.34)

Unity vector
Positive slack variable
y Total post-fault infeasibility index
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The re-dispatch of control variables is not allowed in preventive security-constrained OPF
analysis. Therefore, all elements of Auk are zero in such cases. Whereas the re-dispatch of control
variables can be considered in corrective security-constrained OPF analysis [20]. Here, the control
variables except thermal power plant outputs are able to re-dispatch their planning within their
minimum and maximum operation ranges considering their fast ramp rate behaviors during 30
minutes. The outputs of pump-storage hydro power plants can also be adjusted freely within their
minimum and maximum output limits. Therefore, Aux elements of these variables correspond to
their respective minimum and maximum operation limits.

The re-dispatch of thermal power plants is carried out considering their ramp rate
characteristics. In general, the ramp rate of a thermal power plant is the several percent of its rated
power output per minute. Here, all thermal power plants are assumed to have 2% / minute of ramp
rate for the simplicity. Hence, 360% active power output re-dispatch is allowed for thermal power
plants during 30 minutes as Auk.

The concept of thermal power plant re-dispatch is depicted in Fig. 3.1. For starters, it should
be noted that a generator model represents the aggregated model of many single generator units.
For example, the aggregated generator model G1 is composed of ten thermal power plant units. In
general, it is desirable for a thermal power plant unit to operate close to its rated power output to
obtain good efficiency. Hence, the minimum number of thermal power plant units in operation can
be determined provided the total active power production of the aggregated thermal power plant
model in the OPF solution. In Fig. 3.1, six thermal power plant units are required to produce 6 =
Po of active power output. In the post-fault analysis, the productions of six thermal power plant
units can be adjusted within their re-dispatch capabilities Auk as described in Fig. 3.1.

Active .
power Active
power

output
output ‘

Auy
Pk

Pmin

Pmax

Po
(by OPF)

Pmin

0 5 10" Thermal 0 5 10 Thermal
OPF solution ‘uo’ power plant Post-fault solution ‘ux’ power plant
units units

Fig. 3.1. Post-fault re-dispatch of thermal power plant units

The constraint (3.2.7) implies that all eigenvalues of a system model at an operating point
should have the real parts less than omax,0. Here, omax,0 IS zero to prevent unstable system operations.
On top of that, it is well-known that critical oscillation modes, especially weakly damping
electromechanical modes are often observed in AC grid operations. In order to guarantee well-
damped behaviors of a system operation, (3.2.8) is also taken into consideration. Here, (3.2.8) is
considered for the electromechanical modes with the oscillation frequencies between 0.05 — 3.0 Hz.
Consequently, the oscillation modes are forced to have the damping ratios greater than or equal to
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&min by (328)

As for the transient stability constraints, the inequality constraints (3.2.9) — (3.2.12) are
checked for ten seconds after a fault occurrence. In order to prevent generators from out of
synchronism, the rotor-angle deviations of generators from COI i — dcor are constrained within a
certain upper limit dmax in (3.2.9). In the system models without any HVDC systems, the constraints
(3.2.10) — (3.2.12) are not considered.

Improper behaviors of a VSC HVDC system can be observed in case of a significant PCC
bus voltages vs fluctuation after a fault. In addition, the wind generation units’ FRT requirement
may not be satisfied as well. Therefore, the fluctuations of vs are also included as the additional
constraints in (3.2.10) to prevent these problems. The constraint (3.2.10) indicates the deviations
of vs below vs min Or above vs max are not allowed.

The constraints (3.2.11) and (3.2.12) are relevant to the transient DC grid behaviors. The
most important DC grid index, DC grid voltage Vpc is considered in (3.2.11). The transient
deviations of Vpc below Vbc min Or above Vbcmax are prohibited, which has the similar meaning as
(3.2.10).

A DC overcurrent after a fault occurrence can give critical influences to VSC converters and
DC transmission lines. From this viewpoint, the constraint (3.2.12) regarding DC transmission line
current flow is considered. Considering a threshold ratio kn and the rated line capacity of each DC
transmission line lpc linerated, it indicates a DC current flow above the rated line capacity Ipcine,rated
multiplied by the threshold ratio kr is not allowed. In fact, DC overcurrent threshold method is
being adopted for the activations of DC grid protections in most HVDC applications. Of course
DC grid protection is required in case of a DC fault occurrence, but the unnecessary DC grid
protection activation after an AC fault should be avoided. The constraint (3.2.12) is needed
considering this aspect as well.

The parameters for the transient stability constraints are listed in Table 3.2. The determination
of these constraint parameters can differ depending on each transmission system operator. dmax iS
180° to prevent generators’ out of synchronism in (3.2.9). The lower and upper voltage boundaries
in (3.2.10) and (3.2.11); Vs min, Vsmax, Vbc,min, @nd Vpc,max are determined considering the conditions
of system operation, AC / DC conversion of VSC converter, and insulation requirements of system
facilities. As for krn in (3.2.12) is 150% considering the DC grid overcurrent protection threshold
criterion.

Regarding the voltage constraints (3.2.10) and (3.2.11), it should be noted that a sudden large
vs drop during a VSC-side AC fault is inevitable. Similarly, a significant Vpc drop during a DC
fault near a VSC always occur. Therefore, it is desirable for the constraints (3.2.10) and (3.2.11) to
be considered after the influences of the fault are somehow cleared.

The concept of time delay parameters is adopted in this context. The transient voltage
constraints (3.2.10) and (3.2.11) are checked after a certain time delay. These time delay parameters
are determined considering AC and DC grid fault clearance and protection behaviors. In case of an
AC fault occurrence near a VSC, the AC fault is removed after 1.07 seconds of the fault occurrence.
Considering this aspect, the time delay for (3.2.10) is set as 1.5 seconds. When a DC fault occurs,
it is desirable for the transient AC and DC bus voltages to be constrained after Vpc recovery process
is completed. In preliminary investigations, 3 seconds are enough for Vpc recovery process of VSC
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HVDC systems in this dissertation. Hence, the time delay of 3 seconds is adopted for (3.2.10) and
(3.2.11) when a DC fault occurs. The time delay parameters for the transient stability constraints
are summarized in Table 3.3. Different time delay parameters can be adopted depending on AC

and VSC HVDC system behaviors.

Table 3.2. Parameters of transient stability constraints

Table 3.3. Time delay parameters for transient stability constraints

Omax 180<
Vs,min 0.7 p.u.
Vs, max 1.3 p.u.
Vbe min 0.7 p.u.
Vbe,max 1.3 p.u.
kh 150%

AC fault DC fault
(3.2.9) 0 0
3
(3210) 15 (after Vbc I’ecovery)
3
(3.2.11) 0 (after Ve recovery)
(3.2.12) 0 0

Unit : [sec]

As a result of Step 1 analysis, six different system expansion decisions in six peak wind
output periods are determined. Among those results, the solution with the maximum capacity is
adopted as the final reinforcement planning. For instance, if the reinforcement planning result of
VSC 1is 2GVA in Section 6 and those in other five sections are zero, 2GVA is adopted as the final
VSC 1 reinforcement decision. Similarly, if the reinforcement result of AC group 1a transmission
lines is 10GW in section number 3 and the results in other section numbers are less than 10GW,
10GW is adopted as the final reinforcement decision of AC group 1la.
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Step 2 — System Operation Determination Stage

The system reinforcement planning is determined by Step 1. Based on this result, the
objective of Step 2 is to find the optimal operations of all 18 sections. Therefore, the objective
function of Step 2 is composed of only the operation cost term f; with the same constraints.
Similarly, a large penalty value is also added to the objective function in case of the violation of
one of the constraints.

As a consequence, the objective function value f, of Step 2 corresponds to the fuel cost F.C.
of each time section. The wheeling charge of a multi-terminal VSC HVDC system in each time
section HVDCuwh is obtained based on the total transmitted energy Emtpc multiplied by the unit
wheeling charge Whunit in (3.2.36).

Obijective function
min  from (X0, Uo) = f, + penalty (3.2.39)

Wheeling Charge Calculation

HVDCwh = Whunit % Emtoc (3.2.36)
Whunit Unit wheeling charge [JPY / kWh]
Emtoc Total transmitted energy by MTDC system
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Optimization Algorithm

Differential evolution is adopted for the optimization process. First of all, the parent control
vector set of control variables u_set is initialized randomly within their minimum and maximum
limits. The power flow analysis is carried out and the constraints (3.2.2) — (3.2.8) are checked for
each control vector u. If a constraint violation among (3.2.2) — (3.2.8) is observed by the nth control
vector un, the corresponding large penalty value is added to its fitness value.

For the investigation of the transient stability constraints, time-domain simulation is executed
for each control vector u. However, the analysis confronts the critical problem that it requires a
significant calculation time caused by the time-domain simulation. In order to relieve this
phenomenon, the infeasible vector filtering out method is proposed. Time-domain simulation is
executed only for feasible control vectors as notated inside the dotted line in Fig. 3.2. If one of the
constraints (3.2.2) — (3.2.8) is violated, time-domain simulation for the corresponding control
vector is not carried out and instead, a huge penalty value is added. This is named as the infeasible
vector filtering out process. The penalty value for this filtering out is set to be higher than other
penalty values for the effective filtering.

After mutation and crossover stages, the trial vector set w_set is produced. In order to
calculate the fitness values of the trial vectors, they undergo the same process with the same
filtering out. After the nth vectors of u_set and w_set are compared each other, the one with the
lower fitness value is chosen in the minimization problem. This procedure is repeated until the
iteration number K exceeds the maximum iteration number Kmax = 500. Kmax IS determined
considering the convergence of the optimization process. More optimization computation is
required as the numbers of control variables and constraints increase. The population size of DE is
100. The entire optimization process using DE is described in Fig. 3.2.

The dynamic behaviors of the OPF solution also depend on the control system parameters.
In this dissertation, the objective of the optimization process is to calculate the optimal operation
cost, not the optimal control parameters. This indicates that if the solution with the optimal
operation cost can be found, any control parameters satisfying the constraints (3.2.2) — (3.2.8) can
be utilized. In order to find the effective control parameters, the control parameters can also be
included as the control vector elements of evolutionary algorithm. If a system operator already has
the knowledge of effective control parameters, they can be simply determined by fixed values as
well.

Due to the random characteristics of evolutionary algorithm and metaheuristic methods,
different solution may be obtained even with the same optimization algorithm. Here, the validity
of the solution is checked by simulating many times with the optimization algorithm.
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Fig. 3.2. Flowchart of each OPF analysis using differential evolution
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4. Economic Benefit Analysis
4.1 Wind Power Hosting Capacities

First of all, multi-terminal topologies with different VVSC locations and configurations from
MTDC a) to MTDC i) systems are defined in Table 4.1 to find the system capable of installing the
largest wind power plants’ capacity. For instance, the notation of MTDC a) indicates VSC 3 of a
three-terminal VSC HVDC system is installed at AC bus (21). MTDC h) represents the system
with VSCs 3 and 4 of a four-terminal VSC HVDC system installed at AC buses (21) and (28)
respectively.

Table 4.1. Multi-terminal VSC HVDC system notations

a) 3—terminal, VSC 3 at (21)
b) 3—terminal, VSC 3 at (25)
¢) 3—terminal, VSC 3 at (28)
d) 3—terminal, VSC 3 at (31)
MTDC | e) 3—terminal, VSC 3 at (35)
f) 4—terminal, VSC 3, 4 at (21)(25)
g) 4—terminal, VSC 3, 4 at (25)(28)
h) 4—terminal, VSC 3, 4 at (21)(28)
i) 4—terminal, VSC 3, 4 at (31)(35)

The wind power hosting capacities of the system models and the total investment costs for
the hosting capacities are calculated in Table 4.2. This aims at investigating the economic benefits
of MTDC systems in which the maximum allowable wind power capacity of each system is
introduced. In the hosting capacity analysis, power system reinforcements are considered if
necessary for the installation of large-scale wind power plants. Hence, Step 1 analysis is applied
for the investigation of the hosting capacities.

The notations of ‘OPF’ and ‘SSSC-OPF’ correspond to the cases of the normal OPF analysis
without any stability constraints and with the consideration of small-signal stability constraint
‘small-signal stability constrained-optimal power flow (SSSC-OPF)’ respectively. In this chapter,
the transient stability constraints are not considered. The investment costs of hybrid type DC circuit
breakers at each DC transmission line are not included in the OPF and SSSC-OPF results.

Wind power suppression is not allowed except in the N-1 post-fault contingency analysis.
The investigation is started in which 1GW of both wind farms are installed. If all six periods with
peak wind power outputs are revealed to have the Step 1 solution, the capacities of both wind farms
are increased by 1GW again. This process is repeated until no solution is found in at least one
period. For example, 5+5GW of wind power hosting capacity implies that all six periods of the
system model with peak wind power outputs are revealed to have the Step 1 solutions. However,
the Step 1 solution is not found in at least one of the six periods when 6+6GW of wind farms are
installed.
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Without any MTDC reinforcements, it is revealed by the OPF analysis that 5+5GW wind
farms are allowed to be installed in Base Case. In contrast, only up to 2+2GW wind farms can be
installed in Base Case according to the result of the SSSC-OPF analysis. More than 3+3GW wind
farm installations are prohibited to prevent unstable modes. For instance, the eigenvalues with
positive real parts are observed in Section 6 when 3+3GW wind farms are installed in Base Case
as can be seen in Table 4.3. In this case, these unstable eigenvalues are mainly triggered by the
generators close to the wind farms. Different unstable eigenvalues can also appear depending on
the capacity of wind farms, seasonal, and load conditions. The principle of this unstable
phenomenon can be explained by Fig. 4.1. For the simple explanation, the ideal AC transmission
system is assumed in Fig. 4.1. Since AC voltages are limited between 0.9 p.u. and 1.1 p.u. by the
AC bus voltage constraints of the OPF analysis in normal operations, the phase angle differences
between AC buses o are needed to be increased to increase the amount of active power transmission.
However, the system operation becomes unstable when ¢ exceeds 90 degrees in the ideal AC
transmission system. Although the practical AC transmission systems are different from the ideal
system, this principle can still be applied to explain the unstable phenomenon of AC transmission
systems in cases of large-scale active power transmission. Without any adjustments of the
transmission line reactance component X, the phase angle differences ¢ between AC buses are
increased in cases of large-scale active power transmission. However, the system operation
becomes unstable if 6 exceeds a certain small-signal stability limit.

On the contrary, the wind power hosting capacities of the systems with one of the MTDC
systems in Table 4.1 can be increased. Firstly, HVDC transmission systems do not suffer from such
unstable problems explained above. In addition, the MTDC systems with the control systems are
also able to contribute to the system stabilization.

The results of Step 1 analysis and the final reinforcement decisions of all MTDC systems are
calculated from Table 4.4 to Table 4.12. As explained in Chapter 3, the maximum capacity result
of each device is adopted as the final reinforcement decision. In most conditions, the maximum
capacity results of devices are calculated in the low-load conditions; Periods 2, 4, and 6. This is
due to the fact that large amounts of active power transmissions from the upper area with the wind
farms towards the lower area are required mainly in these conditions. On the other hand, since the
wind power output can be consumed in the local upper area in the peak-load conditions, the
reinforcement capacity results of Step 1 analysis in Periods 1, 3, and 5 are relatively lower than
those in Periods 2, 4, and 6.

It is noteworthy that different hosting capacities of MTDC systems in Table 4.2 are obtained.
The critical factor of these different MTDC hosting capacities is revealed to be AC transmission
line capacities near VSCs 3 and 4. As described in Fig. 4.2, the AC transmission lines near AC bus
(25) are heavily loaded in peak-load conditions since a significant amount, approximately 17GW
of active power is transmitted from G2 and G3 sides. The AC transmission lines close to AC bus
(31) are also heavily loaded in low-load conditions. In these low-load conditions, the upper area
local power consumptions are lower than those in the peak-load conditions. Hence, in case of peak
wind power output, the amounts of the active power transmission from the upper area towards the
lower area in the low-load conditions are relatively higher than those in the peak-load conditions.
Therefore, when VSC 3 is installed at AC bus (25) in MTDC b) system, more than 7+7GW wind
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farm installations are not permitted due to the lack of AC transmission line capacities near AC bus
(25). For the same reason, the wind power hosting capacity of MTDC d) is the lowest among all
MTDC systems. On the contrary, MTDC h) system with the four-terminal configuration is
relatively free from this AC transmission line capacity issue. The sufficient AC transmission line
capacities can be secured by adjusting the active power productions of the thermal power plants.
For example, AC bus (28) is close to G4 and G5 whose rated capacities are relatively large in the
system model. Nevertheless, the sufficient AC transmission line capacities near AC bus (28) can
be secured by adjusting the active power production of G4. As a consequence, MTDC h) leads to
the highest 9+9GW wind power hosting capacity. The installation of more than 9+9GW wind farms
is prohibited by the lower limits of thermal power plant productions. Additional energy storage
systems are required to install more than 9+9GW wind power plants. In other words, the VSC
installations at AC buses close to the thermal power plants are recommended to reduce the thermal
power plant productions and increase the amount of wind power plants installation.

Table 4.2. Wind power hosting capacities and investment costs of
multi-terminal VSC HVDC systems

hos tig‘i‘:p‘;‘c’xyer[ GwWl Inv.Costs [billion JPY]
OPF SSSC-OPF OPF SSSC-OPF
Base Case 5+5 2+2 0 0
MTDC a) 8+8 469
MTDC b) 6+6 308
MTDC ¢) 8+8 584
MTDC d) 545 262
MTDC e) 6+6 443
MTDC /) 8+8 439
MTDC g) 8+8 503
MTDC ) 9+9 638
MTDC i) 7+7 529

Table 4.3. Examples of unstable eigenvalues in Base Case
(3+3GW wind farms are installed in Section 6)

Eigenvalue High participation
0758/sec +j0.227Hz G9, G10, G7, G8
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Fig. 4.1. Principle of unstable phenomenon in AC transmission system

Table 4.4. Reinforcement result of MTDC a) with 8+8GW wind farms by Step 1

Reinforcement [GVA]
Period 1 Period 2 Period 3 Period 4 Period 5 Period 6 Relnfo!'gement
decision

VSC 1 2.8 8.5 3.3 1.6 3.1 2.2 8.5
VSC 2 3.8 15 4.7 7.0 3.9 6.1 7.0
VSC 3 6.6 8.1 5.5 8.0 5.9 7.7 8.1
DC line 1 2.6 7.1 2.1 1.5 2.8 2.1 7.1
DC line 2 3.6 1.2 3.8 6.8 3.4 5.9 6.8

Table 4.5. Reinforcement result of MTDC b) with 6+6GW wind farms by Step 1

Reinforcement [GVA]
Period 1 Period 2 Period 3 Period 4 Period 5 Period 6 Relgfe(():irsc‘:i%l:ent
VSC 1 0.80 4.0 4.0 4.3 0 4.0 4.3
VSC 2 4.4 4.7 4.8 3.5 2.1 6.5 6.5
VSC 3 2.5 4.4 3.5 4.2 1.7 5.8 5.8
DC line 1 0.80 0 0 1.6 0 0 1.6
DC line 2 1.8 4.6 2.7 2.9 1.8 6.0 6.0

Table 4.6. Reinforcement result of MTDC c) with 8+8GW wind farms by Step 1

Reinforcement [GVA]
Period 1 Period 2 Period 3 Period 4 Period 5 Period 6 Relnfo!'c_ement
decision

VSC 1 7.3 10 4.8 5.2 4.3 5.9 10
VSC 2 1.0 5.1 6.4 9.6 3.3 4.7 9.6
VSC 3 6.0 9.8 7.2 9.8 5.6 8.8 9.8
DC line 1 5.3 8.7 0.50 13 3.2 5.2 8.7
DC line 2 1.0 0.70 5.9 8.5 2.7 4.0 8.5
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Table 4.7. Reinforcement result of MTDC d) with 5+5GW wind farms by Step 1

Reinforcement

GVA]

Reinforcement

Period 1 Period 2 Period 3 Period 4 Period 5 Period 6 .
decision
VSC 1 3.6 5.4 4.2 3.7 2.8 3.0 5.4
VSC 2 0 2.3 3.6 1.9 1.6 2.6 3.6
VSC 3 0.80 5.0 2.8 3.6 0.70 3.2 5.0
DC line 1 0.80 4.8 2.3 11 0 1.3 4.8
DC line 2 0 15 0.70 1.8 0.80 1.8 1.8

Table 4.8. Reinforcement result of MTDC e) with 6+6GW wind farms by Step 1

Reinforcement

GVA]

Reinforcement

Period 1 Period 2 Period 3 Period 4 Period 5 Period 6 .
decision
VSC 1 1.1 8.0 4.2 7.2 0.90 4.2 8.0
VSC 2 1.9 0.50 3.3 1.8 3.2 6.5 6.5
VSC 3 1.7 75 3.0 6.4 2.1 7.2 7.5
DC line 1 0.80 7.0 1.6 6.0 0.50 1.0 7.0
DC line 2 1.0 0.50 1.3 0 1.6 6.5 6.5

Table 4.9. Reinforcement result of MTDC f) with 8+8GW wind farms by Step 1

Reinforcement [GVA]

Period 1 Period 2 Period 3 Period 4 Period 5 Period 6 Relgz?:ir;%r:ent

VSC 1 6.2 5.5 6.3 3.4 5.0 9.6 9.6
VSC 2 0 4.6 2.7 5.2 2.5 1.0 5.2
VSC 3 5.8 8.3 7.3 7.8 6.0 7.8 8.3
VSC 4 0 1.8 0 0 0 1.2 1.8
DC line 1 6.1 5.0 3.9 3.2 4.4 8.2 8.2
DC line 2 0 3.7 2.2 5.0 1.8 1.0 5.0
DC line 3 0 1.9 2.0 4.8 1.6 0.30 4.8

Table 4.10. Reinforcement result of MTDC g) with 8+8GW wind farms by Step 1

Reinforcement [GVA]

Period 1 Period 2 Period 3 Period 4 Period 5 Period 6 Relgz?:ir:iecz)rgent

VSC 1 6.0 4.3 5.9 9.7 0.70 4.6 9.7
VSC 2 3.1 5.5 3.5 0 5.4 5.4 5.5
VSC 3 2.1 5.2 3.6 6.2 0.70 4.4 6.2
VSC 4 3.7 3.0 2.3 2.1 4.7 4.3 4.7
DC line 1 3.5 34 3.2 8.3 0.70 4.6 8.3
DC line 2 2.6 5.1 25 0 5.0 4.4 5.1
DC line 3 1.3 2.0 0 1.8 0 0 2.0
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Table 4.11. Reinforcement result of MTDC h) with 9+9GW wind farms by Step 1

Reinforcement [GVA]

Period 1 | Period2 | Period3 | Period4 | Period5 | Period6 Re'g‘;‘(’:ir;’if)rge”t

VSC1 29 75 49 84 74 36 84
VSC 2 55 5.2 5.0 8.0 26 9.2 9.2
VSC 3 5.4 5.6 9.0 56 5.8 23 9.0
VSC 4 2.4 47 0.60 5.2 18 77 77
DC line 1 2.8 5.9 43 5.9 6.0 1.0 6.0
DC line 2 48 46 41 53 2.0 9.2 9.2
DC line 3 23 0 33 0 0 13 33

Table 4.12. Reinforcement result of MTDC i) with 7+7GW wind farms by Step 1

Reinforcement [GVA]
Period 1 Period 2 Period 3 Period 4 Period 5 Period 6 Relnfo!'c_ement
decision
VSC1 5.6 8.8 6.2 8.8 6.1 7.2 8.8
VSC 2 1.0 0 25 4.9 1.6 3.6 4.9
VSC3 2.8 5.2 4.5 5.9 3.6 5.0 5.9
VSC 4 1.6 9.2 0 6.5 0.80 7.9 9.2
DC line 1 35 7.6 3.7 8.0 35 5.2 8.0
DC line 2 1.0 0 0.90 2.2 1.0 3.1 3.1
DC line 3 0.60 8.7 0.80 2.3 0 4.8 8.7
(10) <20)¥ %(37)
Sl== }
e 1@@ vsc2 b
A
@(1) 0] (5)@
- 2 (11) 17 (16) et .
heavily heavily
loaded D — A — loaded
(21) (23); R A CENSEN . 4 ;32> (35)
| 46)
(22) (24) (33) (34)
(;;) Iﬁ (40) (41) (-4-2) (;;)
Fig. 4.2. Critical factor of MTDC system wind power hosting capacity : AC transmission line
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The hosting capacities and investment costs of New AC systems are calculated to prove the
limitations of conventional AC transmission systems. Regarding the results of New AC systems,
the post-fault feasibility analysis for the N-1 criterion is neglected to focus only on the influence
of the small-signal stability constraint.

The first limitation can be inferred by comparing the wind power hosting capacities and
investment costs of the OPF and SSSC-OPF results. Unlike the hosting capacities of the models
with a MTDC system, it can be seen that the wind power hosting capacities of New AC systems
are reduced when the small-signal stability constraints are considered. This is due to the unstable
phenomenon described in Fig. 4.1. In the SSSC-OPF analysis, the phase angle differences between
AC buses are also limited by the small-signal stability constraint, which limits the amount of active
power transmission in AC grids.

The second limitation is the expensive investment costs of New AC systems compared to the
costs of the MTDC systems of the SSSC-OPF analysis. In particular, more AC transmission lines
are necessary even for the reduced hosting capacity of 4+4GW wind farms in the SSSC-OPF
analysis compared to the results in the OPF analysis. The Step 1 reinforcement results of New AC
systems are listed from Table 4.14 to Table 4.17. In general, the final reinforcement results of AC
groups 1a, 1b, and 2b are decided by the results in the low-load conditions; Periods 2, 4, and 6. In
these periods, since the total load consumption in the upper area is lower than that in the peak-load
conditions, the amounts of active power transmission from the upper area towards the lower area
are larger than those in the peak-load conditions. Considering the phase angle differences
constraints between AC buses by the small-signal stability constraint, significant amounts of AC
transmission line capacities are installed to reduce the reactance components of the lines X,
consequently, to achieve the large-scale active power transmission.

Table 4.13. Wind power hosting capacities and investment costs of New AC systems

Wind power -
hosting capacity [GW] Inv.Costs |billion JPY]

OPF SSSC-OPF OPF SSSC-OPF
New AC

5+5 4+4 455 744
system 1
New AC 545 4+4 544 808
system 2
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Table 4.14. Reinforcement result of New AC system 1 with 5+5GW wind farms by OPF

Reinforcement [GW]

Reinforcement

Period 1 Period 2 Period 3 Period 4 Period 5 Period 6 decision
AC group 0.20 11 33 0 0 48 11
AC group 0 0 0 0 0 0 0
2a
AC group 0 0 0 0 0 0 0
3a
AC 2;0“'0 0 08 0 0.4 0 0.6 0.80

Table 4.15. Reinforcement result of New AC system 2 with 5+5GW wind farms by OPF

Reinforcement [GW]

Period 1

Period 2

Period 3

Period 4

Period 5

Period 6

Reinforcement

decision
AC group 6.7 6.7 6.7 6.7 6.7 6.7 6.7
AC gtr)oup 6.7 6.7 6.7 6.7 6.7 6.7 6.7
AC group
g 0 0 7 0 0 0 7

Table 4.16. Reinforcement result of New AC system 1 with 4+4GW wind farms by SSSC-OPF

Reinforcement [GW]

Reinforcement

Period 1 Period 2 Period 3 Period 4 Period 5 Period 6 decision
AC f;‘)”p 15 19 0.30 12 0 14 19
AC group 0 0 0 0 0 0 0
2a
AC group 0 0 0 0 0 0 0
3a
AC g:’”p 0 0 0 0 0 0.80 0.80

Table 4.17. Reinforcement result of New AC system 2 with 4+4GW wind farms by SSSC-OPF

Reinforcement [GW]

Period 1

Period 2

Period 3

Period 4

Period 5

Period 6

Reinforcement

decision
AC group 6.7 7.9 6.7 7.8 6.7 9.9 9.9
AC group 6.7 11 6.7 6.7 6.7 6.7 11
AC group 0 0 0.90 0 1.2 0 1.2
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4.2 Definition of Economic Benefit Index

The analysis model of economic benefits in this dissertation is based on the scenario that
considering the utilization of large-scale wind power plants, the existing transmission system
operator is in charge of reinforcing the transmission system if necessary. The transmission system
operator and the wind power plants operator are different. In this context, the method to define the
economic benefits of the transmission system reinforcement, operation and the installation of the
wind power plants is investigated.

As the results of the Step 1 HVDC reinforcement, the Step 2 operations, and the additional
wind farms installation, the fuel cost reduction F.Crequc and the HVDC wheeling charge HVDCwn
benefits are produced. These economic benefits are taken into consideration in the cash inflow CF
of the HVDC system. The subscript t in the following definitions represents the year ‘t’.

The annual fuel cost of the system with MTDC F.C.utpc,t can be reduced compared to the
annual fuel cost of Base Case F.C.gase caset IN (4.2.2). The proposed hierarchical MTDC
reinforcement and operation contributes to F.C.reduct. In addition, F.C.reduct IS also affected by the
reduced thermal power plant productions Preduc,Thi.

It should be noted that the aim is to evaluate the economic benefits obtained by the proposed
hierarchical analysis using a MTDC system. However, not only the benefits of the hierarchical
analysis, but the installation of additional wind farms also contributes to F.Creduct. In order to focus
only on the benefits of the hierarchical method, the contribution of additional wind farms is needed
to be excluded.

Here, the fuel cost reduction F.Crequc benefit produced by additional wind farms is defined as
Prrh X Preduc,th. Preduc,th @and Prrn correspond to the active power production by additional wind
farms installation and the unit fuel cost respectively. Preduc mh is identical to Pwr,mtoc — Pwr Basecase
in (4.2.3). Consequently, the cash inflow produced by the hierarchical MTDC reinforcement and
operation is defined as F.C.reduc — (Prth X Preducth) in (4.2.1) excluding the contribution of
additional wind farms installation.

As the definition of Prr,, the marginal costs fmc of all thermal power plants in (4.2.5) are
utilized. Since the marginal costs represent the relationship between the active power productions
of thermal power plants and the corresponding fuel costs, the meaning of the unit fuel costs Pr
can be evaluated properly. Depending on Step 2 results, all 18 sections can have different Prr, unit
fuel costs. When the active power production of a thermal power plant in Base Case is its minimum
production limit Pg min, the marginal cost of the generator is defined as zero. This is due to the fact
that the active power production of the generator in Base Case cannot be reduced even with
additional wind farms installed. Finally, the weighted average of the thermal power plants fmc
weighted by their respective active power productions Pg mrpc is defined as the unit fuel cost of
the whole system model Prrnin (4.2.4).

Not only the fuel cost reduction benefit explained above, the wheeling charge benefit
HVDCuwh is also produced by the hierarchical MTDC reinforcement and operation. HVDCuh.annual
in (3.1.4) is calculated by the total transmitted energy using a MTDC system multiplied by the unit
MTDC wheeling charge.
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Net present value (NPV) is calculated as (4.2.6). Inv.Costsmroc is the total investment costs
of a MTDC system determined in Step 1. Profitability index (PI) analysis in (4.2.7) is calculated to
evaluate the cost-benefit efficiency of an investment decision Inv.Costsuroc.

CFt = F.C.reduct — (Prth XPreduc,tht) + HVDCuwh,annual,t

(4.2.1)
F-C-reduc,t: F.C.Base Case,WF,t — F-C-MTDC,WF,t (4 2 2)
Preduc,tht = PmTDC,WFt — PBase Case, Wt (4.2.3)
Z PG,MTDC fm,G
Pry, = fe—— 4.2.4
" Z PG,MTDC ( )
GeNg
fmc = Bs + 2AcPc MTDC (4.2.5)
o cF (42.6)
NPV = t_|—Inv.Costs
|:le (1+ | r)t :| MTDC
Pl =1+ ( NPV / Inv.Costsmrpc) (4.2.7)

Before the economic analysis, the unit wheeling charges Whunit of MTDC systems are needed
to be determined to calculate the wheeling charge profits of MTDC systems. Many different
scenarios can be applied depending on the environments, regulations, and policies regarding power
system operations. Here, the economic benefit analysis is based on the scenario that the power
system operator can reinforce the system with a MTDC system for the installation of additional
wind farms. In order to for the investment costs of the MTDC system to be paid back within its
life-time, the wheeling charge is imposed to customers using the MTDC system. According to this
scenario, Whunit can be determined by (4.2.8), (4.2.10), and (4.2.11). When the annual interest rate
of cash flow is considered, Whynit can be defined based on (4.2.9), (4.2.10), and (4.2.12).

Inv.Cost,rpc

LT = HVDth,annual (428)
InV.COStSMTDC xCRF = HVDCWh,annuaI (429)
HVDCWh,annuaI = Whunit ><EHVDC,annuaI (4.2.10)
wh, . = IM-Costurpe (4.2.11)
LT x EHVDC,annuaI
Wh, . = Inv.Cost,,;pc xCRF (4.2.12)
EHVDC,annuaI
Envbe annual Total annual transmitted energy by a VSC HVDC system [kKWh]
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In the previous wind power hosting capacity analysis, Base Case system is revealed to be
capable of installing 2+2GW wind farms in the SSSC-OPF analysis. A MTDC system
reinforcement is required for the installation of additional wind farms.

In order to decide Whunit, the conventional MTDC reinforcement and operation are
considered as the standard case. In Base Case system, 1GVA MTDC system is installed to integrate
additional 1+1GW wind farms in the conventional MTDC reinforcement concept. Similarly, xGVA
MTDC system reinforcement is taken into account to install additional x + x GW wind farms in the
conventional approach as plotted in Fig. 4.3. As for the conventional MTDC operation, the wind
power output is firstly consumed by the local upper area loads. The rest of wind power production
Is transmitted towards the other lower area. Accordingly, the MTDC transmission system is hardly
used when the wind power production is not high enough. The conventional MTDC operation
concept is described in Fig. 4.4.

A) supply 2+x GW 2+x GW
the upper area

loads A @ Mg A A«TK'-& A
B) The rest Esgl 1@@
wind power is 4

t itted 5
renited Cowr] (e

towards ‘
the lower area
| VSC 3 I | VSC 4 I

MTDC capacity
x GVA

Fig. 4.3. Conventional MTDC reinforcement concept for additional x+xGW wind farms

Peak Low
wind wind

@_,i\@u-]i-q_@ @:J('—MJ <'—>:@
A | IR ol I

S b &8 b

grid grid

Fig. 4.4. Conventional MTDC operation concept in cases of peak and low wind outputs
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The unit wheeling charges Whunit of MTDC h) system with different capacities of wind farms
are calculated in Table 4.18. For example, the result with 9+9GW wind farms mean that 2.37
JPY/KWh of Whynit is required for the investment cost of 7GVA MTDC h) system to be paid back
by the conventional MTDC operation in Fig. 4.4. When 1GVA MTDC h) system is installed for
the additional 1+1GW wind farms, the transmitted energy via the MTDC system is very low. Thus,
impractically high Whuynit is necessary.

It should be reminded that one of the objectives of this dissertation is the utilization of large-
scale wind power plants. Therefore, the result of Whynit with the largest capacity of wind farms is
desirable to be quoted. For the simplicity, Whunit is determined to be 2 JPY / kWh in this dissertation.

Table 4.18. Whynit based on conventional MTDC h) system operations

Total wind farm
capacity [GW] 33 >*5 T+ 9+9
MTDC capacity
[GVA] 1 3 5 7
Whunic
[JPY / KWh] 22.9 4.98 3.18 237

For starters, the hourly cash flow results of all 18 sections are plotted in Fig. 4.6. Prry %<
Preduc,th 1S also notated in Fig. 4.6 together, but actually not included in the cash inflow of MTDC
systems. HVDCuwh,con COrresponds to the basic HVDC wheeling charge profit which can be obtained
by the conventional MTDC operation in Fig. 4.4. Whereas HVDCunpro indicates the additional
HVDC wheeling charge benefits produced by the proposed hierarchical OPF analysis. The
additional economic benefits produced by the proposed hierarchical OPF method correspond to
F.C.reduc — (Prth X<Preduc,th) and HVDCuwh,pro terms.

By applying the proposed hierarchical OPF method, the installed MTDC system can be
utilized more effectively as described in Fig. 4.5. When the wind power output is high, the wind
power plant outputs can be transmitted using the MTDC system if necessary. The amounts of active
power transmissions via AC transmission systems and the MTDC system are determined to
minimize the objective function, the total fuel cost of the system models. On top of that, the MTDC
system can still be utilized in case of the low wind power outputs. In Fig. 4.5, the MTDC system
is also used for the active power transmission among AC grids to minimize the total fuel cost. As
a result, higher average capacity factor of the MTDC system can be obtained compared to the
conventional operation in Fig. 4.4. As a consequence, additional economic benefits HYDCwh,pro Can
also be produced.

To be more specific, the operation results in Sections 1 and 9 are selected to be explained as
the representative examples. In Section 1 with low wind power outputs in Fig. 4.7, the produced
wind power is consumed in the local upper area. As a result, there is no wind power transmission
from the upper area towards the lower area and thus, the HVDC transmission system in the left-
hand side of Fig. 4.7 is not used at all in case of the conventional operation. On the other hand, the
MTDC system in the right-hand side of Fig. 4.7 can still be utilized for the minimization of the
total fuel cost as notated by the red arrows in Fig. 4.7. In the system model, the active power is
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transmitted from G4 side towards other generator sides due to one of the cheapest fuel cost
coefficients of G4. Consequently, two additional benefits; the fuel cost reduction effect by the
proposed method and higher capacity factor of the MTDC system can be produced. These benefits
are represented as F.C.reduc — (Prth > Preduc,th) and HVDCun pro profits in Fig. 4.6.

In Section 9 with peak wind outputs in Fig. 4.8, 18GW of wind power is produced and the
total active power consumption in the upper area is 14.25GW. Hence, the produced wind power is
consumed by the upper area loads preferentially and the rest of wind power, 3.75GW is transmitted
towards the lower area by the conventional operation. In such case, the multi-terminal
configuration is not essential and two point-to-point VSC HVDC transmission systems may also
be capable of this conventional operation. On the contrary, the wind power outputs can be
transmitted more effectively to minimize the total fuel cost by the proposed operation method as
described in the right-hand side of Fig. 4.8. The increased capacity factor of the MTDC system can
also be checked by the difference of the MTDC active power transmission between the
conventional and proposed operations; (7.43 + 1.25) — 3.75GW. As a result, additional economic
benefits indicated as F.C.reduc — (Prth X< Preduc,th) and HVDCunpro terms in Fig. 4.6 are obtained by
the proposed method.

The highest F.C.reduc — (Prth > Preduc,Th) cash inflow is produced in Section 9. In Sections 7,
8, and 9, the power system models are in the most heavily-loaded conditions. In such conditions,
G8 and G9 with the most expensive fuel cost coefficients are also required to produce active power
to satisfy the supply and demand balance. When the developed hierarchical OPF method is applied
in these conditions, the active power productions with the most expensive fuel cost coefficients can
be reduced, which leads to substantial fuel cost reduction effects. Considering both wind power
transmission and AC grid power transmission, the highest F.C.redquc — (Prth X< Preduc,mh) profit can be
obtained in the most heavily-loaded patterns with the peak wind production.

It is worth emphasizing the generality of the proposed hierarchical OPF method. The same
principle can be applied to the analysis of other power systems for the transmission of RES using
a MTDC system. By adopting different objective functions in the hierarchical OPF analysis, a
MTDC system can be utilized effectively for various purposes.
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The results of NPV and PI indices by OPF and SSSC-OPF analyses are listed in Table 4.19
and Table 4.20 respectively. The highest NPV and Pl are obtained by MTDC h) system which is
capable of integrating the largest wind power hosting capacity, 9+9GW. It can be seen that despite
the high investment costs of four-terminal MTDC systems, the Pl result of MTDC h) is high.
Compared to the three-terminal configurations, more effective active power transmission can be
achieved by the four-terminal MTDC system, which yields high wheeling charge income.

The annual fuel cost results of Base Case with 5+5GW in OPF analysis and 2+2GW SSSC-
OPF analysis are 492 billion JPY and 524 billion JPY respectively. In contrast, the results of MTDC
systems in Step 1 and Step 2 are not influenced by the consideration of the small-signal stability
constraint, omax,0 = 0. In other words, the system models reinforced with a MTDC system is stable
from the small-signal stability viewpoint. As a consequence, higher NPV and PI results of all
MTDC systems are calculated in the SSSC-OPF analysis due to the increased
F.C.reduc — (Prth X Preduc,mn) profits compared to the results by the OPF analysis.

Table 4.19. Economic benefit results by OPF

Hosting Investment cost NPV PI
capacity |[GW)] |billion JPY) |billion JPY)

Base Case 5+5

MTDC a) 8+8 469 595 2.27
MTDC b) 6+6 308 177 1.57
MTDC ¢) 8+8 584 489 1.84
MTDC d) 5+5

MTDC e) 6+6 443 440 1.99
MTDC ) 8+8 489 973 2.99
MTDC g) 8+8 503 513 2.02
MTDC h) 9+9 638 1330 3.09
MTDC) 7+7 529 852 2.61

Table 4.20. Economic benefit results by SSSC-OPF (omax,0 = 0)
Hosting Investment cost NPV PI
capacity |GW)] [billion JPY] [billion JPY]

Base Case 2+2

MTDC a) 8+8 469 906 2.93
MTDC b) 6+6 308 432 2.40
MTDC ¢) 8+8 584 784 2.34
MTDC d) 5+5 262 554 3.08
MTDC e) 6+6 443 702 2.58
MTDC f) 8+8 489 1280 3.63
MTDC g) 8+8 503 818 2.63
MTDC h) 9+9 638 1670 3.62
MTDC i) 7+7 529 1140 3.15

73



4.3 Sensitivity Analyses of Wind Power Capacity and Small-Signal Stability
Constraints

4.3.1 Sensitivity Analysis of Wind Farm Capacity

Among the MTDC systems, MTDC h) system capable of the largest 9+9GW wind farm
installation is selected for the sensitivity analysis as the representative examples. In order to focus
only on the influence of wind farm capacity, the least severe small-signal stability constraint is
considered. The damping ratio constraint is not considered and omaxo iS zero in the SSSC-OPF
analysis here.

The results of Step 1 analysis and the reinforcement decisions with different wind farm
capacities are calculated from Table 4.21 to Table 4.23. The results with all DC line capacities
being zero indicate VSC converters are operated as STATCOM modes producing only reactive
power outputs.

The annual cash inflow results of MTDC h) system with different wind farm capacities are
plotted in Fig. 4.9. It can be seen in Fig. 4.9 that MTDC h) system with the largest 9+9GW wind
farms installation produces the highest annual cash flow.

The investment costs, NPV, and PI results of MTDC h) system with different wind farm
capacities are calculated in Table 4.24. As the wind farm capacity increases, the required
investment cost of MTDC h) system also increases. As for the NPV results, it can be seen that
higher NPV results are observed when the wind farm capacity increases. Regarding the Pl results
of the MTDC systems, it is noteworthy that the optimal capacity of the wind farms from the cost-
efficiency viewpoint exists. The highest Pl value is calculated when 5+5GW wind farms are
installed. In other words, a power system operator should find the corresponding capacity of wind
power plants instead of installing as much wind power plants as possible to obtain the maximum
cost-efficiency.
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Table 4.21. Reinforcement result of MTDC h) with 3+3GW wind farms by Step 1

Reinforcement [GVA]

Period 1 | Period2 | Period3 | Period4 | Period5 | Period6 Re'g‘;&gi’ge“t

VSC1 0.50 2.0 17 16 15 16 2.0
VSC 2 13 0.50 17 16 0.70 0.70 17
VSC 3 0.80 12 2.0 17 15 0.70 2.0
VSC 4 0.20 0 0.70 0 16 0 16
DC line 1 0 13 0.80 0.60 0 0.60 13
DC line 2 0 0 0.80 0.40 0.60 0.30 0.80
DC line 3 0 0 0.60 0.30 0 0.20 0.60

Table 4.22. Reinforcement result of MTDC h) with 5+5GW wind farms by Step 1

Reinforcement [GVA]

Period 1 Period 2 Period 3 Period 4 Period 5 Period 6 Relgzir;%r:?ent

VSC 1 4.3 3.6 4.1 2.0 2.0 2.4 43
VSC 2 3.9 2.4 3.6 1.8 1.9 0.90 3.9
VSC 3 3.4 2.5 2.1 49 6.6 3.2 6.6
VSC 4 0.60 0.80 0.80 0 3.0 0.30 3.0
DC line 1 2.4 0.80 2.2 2.0 1.7 2.3 2.4
DC line 2 1.8 2.2 0.80 1.7 1.7 0.90 2.2
DC line 3 1.1 1.7 0 1.6 45 1.0 45

Table 4.23. Reinforcement result of MTDC h) with 7+7GW wind farms by Step 1

Reinforcement [GVA]
Period 1 Period 2 Period 3 Period 4 Period 5 Period 6 Relnforqement
decision

VSC 1 6.1 0 3.0 6.7 2.2 2.3 6.7
VSC 2 2.4 7.4 5.4 2.5 3.0 7.6 7.6
VSC 3 3.9 2.5 5.1 4.4 6.3 7.2 7.2
VSC 4 1.1 45 15 1.8 0 2.2 4.5
DC line 1 3.5 0 2.7 45 2.2 1.9 4.5
DC line 2 1.7 6.9 3.3 1.9 1.9 5.8 6.9
DC line 3 0.50 2.2 1.9 0 1.8 34 34

75




100
90 . F.C.reduc = (Prrh XPregucth)

80 W ~voc,, .,
20 B HVDC, 00
60

50

40

30

20

10 .

0

3+3GW 5+56GW 7+71GW 9+9GW
Wind farm capacity

Annual cash flow [billion JPY]
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Table 4.24. Economic benefits of MTDC h) with different wind farm capacities

Wind farm Invy.Costurpc NPV Profitability
capacity [billion Jpy] | [Pillion Index
JPY]
3+3GW 124 386 411
5+5GW 303 1040 4.44
T+IGW 484 1340 3.78
9+9GW 638 1670 3.62
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4.3.2. Sensitivity Analysis of Small-Signal Stability Constraints

Sensitivity analysis of the small-signal stability constraints is carried out for MTDC h) system
which is capable of introducing the largest 9+9GW wind farms. Basically, the case with the small-
signal stability constraint omax0 = 0 is considered in the SSSC-OPF analysis.

First of all, the annual fuel cost results of Base Case are calculated in Table 4.25. In the OPF
analysis, the annual fuel cost of the system with 5+5GW wind farms is 492 billion JPY. However,
this result is not allowed in the SSSC-OPF analysis due to unstable operations. Only up to 2+2GW
wind farms can be installed in the SSSC-OPF analysis and as a consequence, the annual fuel cost
of the system is 524 billion JPY.

On the other hand, the same annual fuel cost is obtained by the system with MTDC h) system
and 9+9GW wind farms in both OPF and SSSC-OPF analyses. These cost results indicate that
considering the system stabilization effect, the system model with MTDC h) system is more stable
than Base Case system even with additional 7+7GW wind farms from the small-signal stability
viewpoint. This system stabilization effect is measured as the economic benefits of MTDC h)
system; increased F.C.redquc — (Prth > Preduc,Th) €conomic benefits in Fig. 4.10. As a result, the NPV
and PI results of MTDC h) system in the SSSC-OPF analysis are also higher than those values in
the OPF analysis as can be seen Table 4.26.

Table 4.25. Annual fuel cost comparison of systems by OPF and SSSC-OPF

Base Case, Base Case, MTDC h), MTDC h),
System WFs+56w, WF2+26w, WFo+9Gw, WFo+9Gw,
OPF SSSC-OPF OPF SSSC-OPF
Annual fuel
cost [billion 492 524 457 457
JPY]

Fig. 4.10. Annual cash flow results of MTDC h) with 9+9GW wind farms by OPF and SSSC-
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Table 4.26. Economic benefits comparison of MTDC h) with 9+9GW wind farms
by OPF and SSSC-OPF

Iny. Costurpc NPV Profitability
[billion JPY] | [billion JPY] Index
OPF 638 1330 3.09
SSSC-OPF 638 1670 3.62

In realistic power system operations, the damping ratios of a system operation are also taken
into consideration to guarantee fast damping characteristics of the operations. In this dissertation,
two damping ratio constraints, SSSC-OPF with &min = 5% and &min = 6% are surveyed. In case of
Emin = 7%, the solutions in all Base Case system operations do not exist.

In Base Case system, 2+2GW wind farms can be installed for both Emin = 5% and &min = 6%
damping constraints. The installation of 9+9GW wind farms are allowed with MTDC h) system
for both Emin = 5% and Emin = 6% scenarios.

Sections 3 and 16 are selected as the representative cases to explain the underlying principle
of the sensitivity analysis. In Fig. 4.11, the eigenvalues of Base Case by the SSSC-OPF, &min = 5%
analysis with 2+2GW wind farms in Section 3 are drawn. Three eigenvalue pairs in Table 4.27 are
revealed to have the damping ratios lower than 6%. These eigenvalues are affected when the
constraint of &min = 6% is considered in the SSSC-OPF analysis. The participation factor results of
generators indicate that all three eigenvalue pairs are influenced by G6 in common. Therefore, the
most effective way to improve the damping ratios of these eigenvalue pairs is adjusting the active
power production of G6 rather than other generators in the SSSC-OPF, &Emin = 6% analysis. This
can also be checked in Table 4.28 where the active power productions of the thermal power plants
are calculated. The production of G6 in the SSSC-OPF, &min = 6% analysis is reduced by 30%
compared to the case with Emin = 5% constraint. The G1 and G4 productions are increased to satisfy
the active power supply and balance. Since the production of G6 with one of the cheapest fuel cost
coefficients is reduced and instead, that of G1 is increased, the hourly fuel cost of the SSSC-OPF,
Emin = 6% analysis in Section 3 is more expensive than the cost of the SSSC-OPF, Emin = 5% analysis
by 3.18 million JPY / hour.

The results in Section 16 can also be interpreted similarly. The eigenvalues obtained by the
SSSC-OPF, &min = 5% analysis in Fig. 4.12 show that three eigenvalue pairs are influenced by Emin
= 6% damping constraint. By calculating the participation factors of these eigenvalues, it is
revealed that four generators; G2, G4, G6, and G7 give high participations on these eigenvalues.
Considering that G2 and G7 are nuclear power plant models whose productions are fixed, the
productions of G4 and G6 are needed to be adjusted to improve the damping ratios of the oscillation
modes. In fact, the productions of G4 and G6 are in their respective maximum values. These
productions are reduced and instead, those of G1 and G10 with the next cheapest fuel cost
coefficients are increased to satisfy the active power supply and demand balance. As a result, the
hourly fuel cost of the SSSC-OPF, &min = 6% analysis is higher by 14.3 million JPY / hour than the
cost in Emin = 5% analysis in Section 16.

The comparisons of the fuel costs in other sections can also be explained with this basic
principle. To sum up, compared to the annual fuel cost of Base Case system with 2+2GW wind
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farms in the SSSC-OPF, &min = 5% analysis, the cost is increased by 44 billion JPY in the SSSC-
OPF, &min = 6% analysis as can be seen in Table 4.31.

In contrast, the SSSC-OPF solutions of the system model with MTDC h) system and 9+9GW
wind farms are not changed by the considerations of both Emin = 5% and &Emin = 6% damping
constraints. Hence, it can be inferred that compared to Base Case, the system reinforced with
MTDC h) is stable even with additional 7+7GW wind farms from the small-signal stability
viewpoint. As a result, Fig. 4.13 indicates the fuel cost reduction benefit by the proposed method
F.C.reduc — (Prth < Preduc,Th) becomes higher as more strict small-signal stability constraints are
considered in the SSSC-OPF analysis. The NPV and PI results of MTDC h) system in the SSSC-
OPF, &Emin = 6% in Table 4.32 are also the highest among the economic benefits calculated by all
small-signal stability constraint scenarios.
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Fig. 4.11. Eigenvalues of Base Case with 2+2GW wind farms, &min = 5% in Section 3

Table 4.27. Oscillation modes with weak damping of Base Case with 2+2GW wind farms,

Emin = 5% in Section 3

Mode . High
number Eigenvalue ¢ particif)ation
Mode 1 —0.487/sec +0.957Hz 5.08% G6, G7
Mode 2 —0.403/sec = j0.716Hz 5.62% G2, G3, G6, G7
Mode 3 —0.470/sec = j0.886Hz 5.29% G4, G5, G6

Table 4.28. Thermal power plant productions comparison of Base Case

with 2+2GW wind farms, SSSC-OPF &min = 5% and &min = 6% in Section 3

Active power production [GW]
Generator SSSC-OPF, SSSC-OPF,
&min = 5% &min = 6%
Gl 0.140 2.70
G4 9.10 9.43
G6 9.34 6.55
G8 0.175 0.201
G9 0.175 0.175
G10 0.100 0.100
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Fig. 4.12. Eigenvalues of Base Case with 2+2GW wind farms, Emin = 5% in Section 16

Table 4.29. Oscillation modes with weak damping of Base Case with 2+2GW wind farms,

Emin = 5% in Section 16

Mode . High
number Eigenvalue J particif)ation
Mode 1 —0.453/sec =j0.841Hz 5.38% G4, G2
Mode 2 —0.470/sec £+ j0.906Hz 5.18% G7, G6
Mode 3 —0.401/sec =0.711Hz 5.64% G6, G2

Table 4.30. Thermal power plant productions comparison of Base Case

with 2+2GW wind farms, SSSC-OPF &min = 5% and &min = 6% in Section 16

Active power production [GW]
Generator SSSC-OPF, SSSC-OPF,
Emin = 5% Emin = 6%
Gl 1.05 6.55
G4 11.0 7.48
G6 11.0 6.58
G8 0.175 0.175
G9 0.175 0.175
G10 0.100 2.40
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Table 4.31. Annual fuel cost comparison of systems by SSSC-OPF, &min = 5% and &min = 6%

Base Case, Base Case, MTDC h), MTDC h),
System WF2+26w, WEF2+126w, WFo+9Gw, WPFo+9Gw,
SSSC-OPF, SSSC-OPF, SSSC-OPF, SSSC-OPF,
émin =5% émin = 6% gmin =5% émin =6%
Annual fuel
cost [billion 534 578 457 457
JPY]
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Fig. 4.13. Annual cash flow results of MTDC h) with 9+9GW wind farms

by SSSC-OPF, &nin = 5% and &nin = 6%

Table 4.32. Economic benefits comparison of MTDC h) with 9+9GW wind farms

by SSSC-OPF, &Emin = 5% and Emin = 6%

Inv.Costurpc NPV Profitability
[billion JPY] | [billion JPY] Index
SgSC;QSI:/F ’ 638 1930 4.02
min — ()
SgSCLZI:/F ; 638 3050 5.78
min — ()
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5. Evaluations with Transient Stability Constraints

In this chapter, numerical results considering the transient stability constraints of AC and DC
grids are analyzed. The configuration of MTDC h) system which enables the largest wind power
hosting capacity in Chapter 4 is adopted here. The communication link between the left wind farm
and the nearby VSC 1 station is taken into consideration. Similarly, the right wind farm and the
nearby VSC 2 station have mutual communication link. These links are to deliver wind power
output suppression commands when the corresponding VSC is blocked. When a VSC is not able
to control its active and reactive power output, a system operation with peak wind outputs becomes
unstable without the wind power output suppressions. For instance, the left wind farm output is
suppressed to zero immediately after VSC 1 is blocked. The communication latencies between the
wind power plants and the VSCs are neglected.

The wind power hosting capacity of MTDC h) is revealed to be 5+5GW when the transient
stability constraints of AC and DC grids are considered. The PCC bus voltages of wind-farm-
connected VSCs are unstable if the total installed wind farm capacity exceeds 5+5GW. As an
example, the unstable PCC bus voltage phenomenon by VSC 1 in case of AC fault 1 occurrence is
plotted in Fig. 5.1. The fault occurs at 1 sec, which is cleared by removing the faulted transmission
line at 1.07 sec.

The unstable PCC bus voltage phenomenon can be explained using P — V curves with low
and high wind power plant capacities in Fig. 5.2. Black curves represent the active power and AC
voltage relationship in the pre-fault state. After the AC transmission line fault occurrence in Fig.
5.2, the fault is cleared and the faulted AC transmission line is removed. The red curves indicate
the active power and AC voltage relationship in this post-fault state. The static characteristic of
wind power plant model is represented by the green lines.

In case of low wind power plant capacity, the point of intersection of the green line and the
red curve can be found. In other words, the post-fault state is feasible operation when the wind
power plant capacity is low. On the other hand, the point of intersection of the green line and the
red curve does not exist when the wind power plant capacity is high. The oscillation pattern of the
voltage profile in Fig. 5.1 can be explained by this absence of the point of intersection. In fact, this
AC voltage oscillation is not the actual system voltage, but represents the absence of the
convergence calculation solution in Appendix. After AC fault 1 occurrence, the convergence
calculation in Fig. A.1, Appendix tries to find feasible solution, but it fails.

Additional AC transmission lines near the wind power plants are required to increase this
wind power hosting capacity considering the transient stability constraints. With the installation of
additional AC transmission lines, the post-fault red P — V curve and the green lines for the wind
power plant in Fig. 5.2 have a point of intersection again.
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The results of Step 1 reinforcements and investment costs by SSSC-OPF and transient
stability constrained optimal power flow (TSCOPF) analyses are calculated from Table 5.1 to Table
5.4. It can be seen that the reinforcement capacities and total investment costs of VSC converters
and DC lines are increased by the transient stability constraints. Bidirectional hybrid DC CBs are
also installed at both ends of each DC transmission line in TSCOPF analysis. This leads to
additional costs of DC CBs and the increased total investment cost as well.

Table 5.1. Reinforcement result of MTDC h) with 5+5GW wind farms by SSSC-OPF Step 1

Reinforcement [GVA]

Period 1 | Period2 | Period3 | Period4 | Period5 | Period6 Re'g‘;‘ggi’;‘"e“t

VSC1 43 36 41 2.0 2.0 24 13
VSC 2 3.9 2.4 3.6 18 1.9 0.90 3.9
VSC 3 3.4 25 21 4.9 6.6 3.2 6.6
VSC 4 0.60 0.80 0.80 0 3.0 0.30 3.0
DC line 1 43 3.6 41 2.0 2.0 24 43
DC line 2 3.9 2.4 3.6 18 1.9 0.90 3.9
DC line 3 3.4 25 21 4.9 6.6 3.2 6.6

Table 5.2. Investment costs of MTDC h) with 5+5GW wind farms by SSSC-OPF Step 1

Investment cost

VSC

249 billion JPY

DC line

53.5 billion JPY

DC circuit breaker

Table 5.3. Reinforcement result of MTDC h) with 5+5GW wind farms by TSCOPF Step 1

Reinforcement [GVA]

Period 1 Period 2 Period 3 Period 4 Period 5 Period 6 Relgzir:i%r:ent

VSC 1 45 5.3 4.4 6.1 5.3 6.3 6.3
VSC 2 7.8 7.0 7.9 6.5 8.0 6.4 8.0
VSC 3 2.9 4.1 1.3 5.7 4.7 3.7 5.7
VSC 4 7.1 3.3 7.2 3.7 3.9 3.1 7.2
DC line 1 1.9 2.8 0 2.8 0.90 2.9 2.9
DC line 2 1.2 3.4 1.9 1.4 0.20 2.6 3.4
DC line 3 0.80 14 1.2 2.2 1.2 0.70 2.2

Table 5.4. Investment costs of MTDC h) with 5+5GW wind farms by TSCOPF Step 1

Investment cost
VSC 381 billion JPY
DC line 66.7 billion JPY
DC circuit breaker 119 billion JPY
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The hourly fuel cost results of the system with MTDC h) and 5+5GW wind farms calculated
by hierarchical SSSC-OPF and TSCOPF analyses are listed in Table 5.5. The influence of the
transient stability constraints on the fuel costs can be inferred from Table 5.5. It should be reminded
that the reinforcement capacities of MTDC h) system obtained by TSCOPF analysis are larger than
those by SSSC-OPF analysis.

It is noteworthy that the fuel cost increments in Sections 3, 5, 6, 9, 12, 15, 17, and 18 are less
than 1% whereas noticeable, 4.61 ~ 32.4% in other section numbers. To sum up, the annual fuel
costs by SSSC-OPF and TSCOPF analyses are 490 billion JPY and 537 billion JPY respectively.

As for the section numbers with more than 1% of fuel cost increments in TSCOPF analysis,
the fuel costs considering only four DC fault locations are calculated in Table 5.6. In such cases,
the fuel cost increments in TSCOPF analysis compared to the costs in SSSC-OPF analysis are
relatively negligible, less than 2% in Table 5.6 except Section 13. From these results, it can be
inferred that the cost increments in TSCOPF analysis are mainly influenced by the transient
stability constraints after the occurrence of one of the AC faults.

Active power productions of VSCs 1 and 2 in all section numbers by SSSC-OPF are
calculated in Table 5.7. In the section numbers with less than 1% fuel cost increments in TSCOPF
analysis, the active power production values of VSCs 1 and 2 are negative. On the contrary, positive
active power productions of VSCs 1 and 2 are calculated in SSSC-OPF analysis in cases of the
section numbers with higher than 4% fuel cost increments in TSCOPF analysis.

These results can be interpreted as follows. The direction of active power transmission
between the upper and lower areas is determined by the amount of the upper area active power
consumption and the total wind power output. If the wind power output is sufficient to supply the
upper area power consumption, the rest of the wind power output is transmitted towards the lower
area. The control system and parameters of MTDC h) system in Chapter 2 are designed to cope
with this situation with high wind power output. In contrast, when the wind power output is low,
the active power produced in the lower area is transmitted towards the upper area to supply the
upper area power consumption considering the expensive fuel cost coefficients of the upper area
thermal power plants. The high fuel cost increments in Table 5.5 and Table 5.6 indicate the
developed control system and parameters are not effective to satisfy the transient stability
constraints in case of one of the AC fault occurrences when VSCs 1 and 2 operate in inverter-mode
in the pre-fault state.

Section 1 with the highest fuel cost increment 32.4% by TSCOPF is chosen to be discussed
as the representative case. The DC grid power flow results obtained by SSSC-OPF and TSCOPF
analyses are compared in Fig. 5.3. In SSSC-OPF analysis, VSCs 1 and 2 produce active power Ps
towards AC grid side to supply the upper area power consumption. The trajectories of DC bus
voltages in Fig. 5.4 imply that using the control method and parameters proposed in Chapter 2, DC
bus voltages cannot be controlled effectively when AC fault 2 occurs. Instead, the active power
production in the upper area is increased so that VSCs 1 and 2 operate in rectifier-mode by TSCOPF
analysis. In particular, since the fuel cost coefficients of G10 are the cheapest among G8, G9, and
G10, the increment of G10 production in TSCOPF analysis is the most noticeable, more than 4GW
in Table 5.8. Similarly, this phenomenon is also observed in other section numbers with high fuel
cost increments in TSCOPF analysis except Sections 7, 8, and 9.
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4.58% ~ 6.55% of fuel cost increments in TSCOPF analysis are calculated in Sections 7, 8,
and 9 in Table 5.5 despite VSCs 1 and 2 operate in rectifier-mode. These fuel cost increments
indicate that the SSSC-OPF solution is not able to satisfy the transient stability constraints in the
summer peak-load conditions in case of one of the AC fault occurrences.

The following approaches can be examined to relieve the fuel cost increments in TSCOPF
analysis. First of all, the developments of more effective VSC HVDC control systems are required.
To be specific, a control method effective from the DC bus voltages viewpoint is necessary to solve
the unstable DC bus voltage problem in Fig. 5.4 when the wind power output is low. Another
approach is the temporary disconnection of the VSC HVDC system. The primary objective of the
multi-terminal VSC HVDC system is the installation of the large-scale wind power plants. The
multi-terminal VSC HVDC system with the control system and parameters in Chapter 2 is designed
for the conditions with high wind power output. In contrast, the power system operation without
the multi-terminal VSC HVDC system is still feasible when the wind power output is not high.
Therefore, the temporary disconnection of the multi-terminal VSC HVDC system after an AC fault
occurrence can be a good approach in the section numbers with high fuel cost increments in
TSCOPF analysis to reduce them.
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Table 5.5. Hourly fuel costs between hierarchical SSSC-OPF and TSCOPF
(wind farm capacity : 5+5GW, system model with MTDC h) )

Hourly fuel cost Fuel cost
Section number [million JPY / hour] difference [%6]
SSSC-OPF TSCOPF
Section 1 48.5 64.2 32.4
Section 2 43.2 46.5 7.64
Section 3 32.9 33.0 0.304
Section 4 41.2 43.1 4.61
Section 5 37.3 37.4 0.268
Section 6 29.1 29.1 0
Section 7 138 145 5.07
Section 8 131 137 4.58
Section 9 88.6 94.4 6.55
Section 10 56.9 715 25.7
Section 11 53.3 64.1 20.3
Section 12 37.7 37.8 0.265
Section 13 69.9 78.9 12.9
Section 14 56.3 65.1 15.6
Section 15 43.0 43.2 0.465
Section 16 61.0 73.8 21.0
Section 17 41.7 42.0 0.719
Section 18 33.5 33.7 0.597

Table 5.6. Hourly fuel costs between hierarchical SSSC-OPF and TSCOPF
with only four DC faults (wind farm capacity : 5+5GW, system model with MTDC h) )

Hourly fuel cost
[million JPY / hour] Fuel cost
Section number TSCOPF difference [%6]
SSSC-OPF (only four DC faults
are considered)
Section 1 48.5 49.4 1.85
Section 2 43.2 43.6 0.892
Section 3
Section 4 41.2 | 41.6 | 0.889
Section 5
Section 6
Section 7 138 139 0.800
Section 8 131 132 0.448
Section 9 88.6 88.6 0
Section 10 56.9 57.1 0.382
Section 11 53.3 53.7 0.684
Section 12
Section 13 69.9 74.2 6.14
Section 14 56.3 56.9 1.08
Section 15
Section 16 61.0 | 61.4 | 0.637
Section 17
Section 18
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Table 5.7. VSCs 1 and 2 active power productions of MTDC h) system with 5+5GW wind farms
by SSSC-OPF analysis

Active power production Ps [GW]
VSC 1 VSC 2
Section 1 1.14 0.465
Section 2 0.476 0.533
Section 3 -1.54 -1.19
Section 4 0.209 0.290
Section 5 -0.479 -0.399
Section 6 —2.40 -2.12
Section 7 —-0.691 —0.395
Section 8 —-0.767 —0.499
Section 9 -1.28 -1.26
Section 10 0.585 0.466
Section 11 0.168 0.124
Section 12 —2.40 -2.11
Section 13 0.739 0.598
Section 14 0.515 0.327
Section 15 -1.47 -1.10
Section 16 0.401 0.374
Section 17 -0.616 —0.445
Section 18 —2.32 -2.18
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Fig. 5.3. Comparison of DC grid power flow results with 5+5GW wind farms in Section 1
by SSSC-OPF and TSCOPF
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Table 5.8. Active power productions of thermal power plants in Section 1
by SSSC-OPF and TSCOPF

Active power production [GW]
SSSC-OPF TSCOPF
Gl 0.721 0.786
G4 11.0 8.94
G6 11.0 8.12
G8 0.175 0.191
G9 0.175 0.175
G10 0.100 4.77
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Fig. 5.4. Unstable DC bus voltage trajectories after AC fault 2 in Section 1 by SSSC-OPF
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Time-domain simulation results in Section 6 obtained by the hierarchical TSCOPF Step 1
and Step 2 analyses with 5+5GW wind farms are plotted as representative examples. The amount
of the active power transmission from the upper area towards the lower area is the largest due to
the lowest upper area load consumptions and peak wind outputs. Hence, Section 6 condition can
be interpreted as the most critical scenario among all peak wind power output conditions.

4th order Runge-Kutta method is adopted for the integration calculation in time-domain
simulation. The unit time step for AC faults simulation is 1ms. As for DC faults, the unit time step
during the first 1.5 seconds after a fault occurrence is 0.2ms. Since the behaviors of HVDC grids
are faster than those of conventional AC grids, a shorter unit time step is desirable for the
calculation to obtain accurate results. This time step should be determined considering the accuracy
of the results and computational burden. Based on these aspects, the unit time step after 1.5 seconds
of a fault occurrence is 1ms. These different time step settings enable us to simulate sub-transient
system behaviors accurately and obtain the results quickly.

The time-domain simulation results for all five AC faults and four DC faults are plotted from
Fig. 5.5 to Fig. 5.13. As for the signs of Ps and Qs, positive values of Ps and Qs indicate a VSC
produces active and leading reactive power outputs and injects them into AC grid side. Either AC
fault or DC fault occurs at 1 second. In case of an AC fault occurrence, the fault is removed after
70ms by opening the faulted AC line which is reconnected after 1 second. Hence, the system is
recovered at 2.07 seconds in the following figures below. In case of a DC fault occurrence, artificial
zero DC current is produced by hybrid DC CBs after 5ms. Then, the DC fault can be removed by
removing the faulted DC line. The system can be recovered after Vpc recovery process as explained
in Chapter 2. It is revealed that the solution obtained by the hierarchical TSCOPF analysis is stable
while satisfying all transient stability constraints for all fault locations.

First of all, the time-domain simulation results with AC fault 1 are drawn in Fig. 5.5. It can
be seen in Fig. 5.5(a) and (b) that the fluctuations of generator rotor-angles and rotational speeds
are relatively lower than those with other AC faults. The reason can be inferred from the active
power productions of the thermal power plants in Table 5.9. The active power productions of G8,
G9, and G10 are very low, in their respective minimum production values. Therefore, the influence
of an AC fault near these power plants is relatively lower than that of other AC faults.

As can be seen in Fig. 5.5(c) and (d), the active and reactive power productions of VSC 1 are
zero during 1 ~ 1.07s. In Fig. 5.5(¢), the PCC bus voltage vs of VSC 1 drops below 0.2 p.u.. As a
result, VSC 1 is blocked during AC fault 1. The active power production of the left wind farm is
suppressed to zero when VSC 1 is blocked. This means the total active power production in the
upper area is reduced. This results in the decelerations of G8, G9, and G10 after AC fault 1
occurrence in Fig. 5.5(b).

In the pre-fault state during 0 ~ 1s, VSCs 1, 2, and 4 produce approximately 5,000MVAR of
leading reactive power output in Fig. 5.5(d). This implies the necessity of VSC converter stations
instead of LCC-based converters. In order to investigate the necessity of the reactive power output
controllability, the preliminary simulation with the reactive power outputs of all VSCs being zero
is carried out. In such case, the solutions of TSCOPF analysis are not found when 5+5GW wind
farms are installed.
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In the pre-fault state, both VSCs 1 and 2 inject active power into the DC grid side for wind
power transmission towards the lower area. During AC fault 1 occurrence, Ps1 in Fig. 5.5(c) cannot
be transmitted when VSC 1 is blocked. Therefore, DC bus 1 voltage Vpc,1 drop near VSC 1 is
measured after AC fault 1 occurrence in Fig. 5.5(f).

AC fault 1 (AC fault near VSC 1)
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Fig. 5.5. Time-domain simulation results with AC fault 1 by hierarchical TSCOPF in Section 6
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(a) Trajectories of generators’ rotor-angles with respect to COI
(b) Trajectories of generators’ rotational speed

(c) Trajectories of VSC active power outputs

(d) Trajectories of VVSC reactive power outputs

(e) Trajectories of VSC PCC bus voltage magnitudes

(f) Trajectories of DC bus voltages

(9) Trajectories of DC transmission line current flows

Table 5.9. Active power productions of thermal power plants by hierarchical TSCOPF analysis in

Section 6
Active power production
[GW]
Gl 0.140
G4 4.48
G6 4.38
G8 0.175
G9 0.175
G10 0.100

The time-domain simulation results with AC fault 2 are described in Fig. 5.6. The magnitudes
of the transient fluctuations in Fig. 5.6 are relatively larger than those in Fig. 5.5. In Fig. 5.6(c),
sudden active power outputs Ps changes are observed, especially by VSC 4 near t = 1.7s. DC bus
4 voltage near VSC 4 swells above 0.05 p.u. compared to the pre-fault operation at this moment,
which triggers Voc droop controller. The sudden active power outputs Ps3 change by VSC 3 in Fig.
5.6(c) can also be explained with the same principle.

After the fault occurrence, all DC bus voltages in Fig. 5.6(f) swell above their respective pre-
fault values. As can be seen in Fig. 5.6(c), the active power output Ps4 of VSC 4 is reduced after
the fault occurrence. In other words, the amount of active power ejection from DC grid towards
AC grid by VSC 4 is reduced after the fault occurrence. Consequently, the unbalance of active
power in the entire DC grid results in these DC bus voltage swells.

The trajectories with other three AC fault locations plotted in Fig. 5.7 to Fig. 5.9 can also be
explained with similar explanations above. In case of either AC fault 3 or AC fault 4 occurrence,
the corresponding VSC converter is blocked if the PCC bus voltage magnitude drops below 0.2
p.u.. The active and reactive power outputs of the blocked converter are zero during the fault
occurrence. As for the relationship between DC bus voltages and the active power productions of
VSCs, the reduced active power production of the inverter-mode converter in the pre-fault
operation leads to the DC bus voltage swells.
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AC fault 2 (AC tie-line side fault)

100

—Gl ’_’50.5 —Gl
iy o —G2
o = —G3
Z E G4
8 e ?.,;:, & — —é — G 6
‘¢ 2 —
§, 50 _x/\_/\/—/—\_/\/—__— E —G8
< oo = @3 [ | | | | | | G9
o—— —— 1= G10" " 49:5 ~G10
) 2 4 6 8 10 12 0 2 4 6 8 10 12
Time [sec] Time [sec]
<10* —VSC1 %10% —NSC 1
1 ' —VSC2 1 —YS8C2
Voc droop —VSC3 —VSC3
activated by VSCs 3, 4 —VSC4 —VSC4
0.5  pomt— 05—
— 1 o —-1}—; e ee— =
E N T <
E 0 [P ) E 0 T . S e e R E—
&7’ T l_in
05 54 -0.5-
1 -1
0 2 4 6 8 10 12 0 2 4 6 8 10 12
Time [sec] Time [sec]
1:3 1.3 T T
— ¥l —Vbe,
1 S e = T1% —Vbe2
= —IVsl's —Vbes
S — V4l & 1 > > —Vpea
= %) x
2705 B
0 0.7
0 2 4 6 8 10 12 0 2 4 6 8 10 12
Time [sec] Time [sec]
5
—IDC.lincl
— W _l|)("|il102
=2 S
o DC,line3
20 V\/‘M
3]
8
5 .
0 2 4 6 8 10 12
Time [sec]

Fig. 5.6. Time-domain simulation results with AC fault 2 by hierarchical TSCOPF in Section 6
(a) Trajectories of generators’ rotor-angles with respect to COI
(b) Trajectories of generators’ rotational speed
(c) Trajectories of VSC active power outputs
(d) Trajectories of VSC reactive power outputs
(e) Trajectories of VSC PCC bus voltage magnitudes
(f) Trajectories of DC bus voltages
(9) Trajectories of DC transmission line current flows
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AC fault 3 (AC fault near VSC 3)
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Fig. 5.7. Time-domain simulation results with AC fault 3 by hierarchical TSCOPF in Section 6
(a) Trajectories of generators’ rotor-angles with respect to COI
(b) Trajectories of generators’ rotational speed
(c) Trajectories of VSC active power outputs
(d) Trajectories of VSC reactive power outputs
(e) Trajectories of VSC PCC bus voltage magnitudes
(F) Trajectories of DC bus voltages
(9) Trajectories of DC transmission line current flows
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AC fault 4 (AC fault near VSC 4)
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Fig. 5.8. Time-domain simulation results with AC fault 4 by hierarchical TSCOPF in Section 6
(a) Trajectories of generators’ rotor-angles with respect to COI
(b) Trajectories of generators’ rotational speed
(c) Trajectories of VSC active power outputs
(d) Trajectories of VSC reactive power outputs
(e) Trajectories of VSC PCC bus voltage magnitudes
(F) Trajectories of DC bus voltages
(9) Trajectories of DC transmission line current flows

96



AC fault 5 (AC fault close to AC bus 35)
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Fig. 5.9. Time-domain simulation results with AC fault 5 by hierarchical TSCOPF in Section 6
(a) Trajectories of generators’ rotor-angles with respect to COI
(b) Trajectories of generators’ rotational speed
(c) Trajectories of VSC active power outputs
(d) Trajectories of VSC reactive power outputs
(e) Trajectories of VSC PCC bus voltage magnitudes
(F) Trajectories of DC bus voltages
(9) Trajectories of DC transmission line current flows
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The time-domain simulation results with DC faults 1 and 2 are plotted in Fig. 5.10 and Fig.
5.11 respectively. After DC fault 1 occurrence, VSC 1 is blocked to protect the converter. As a
consequence, the left wind farm is required to suppress its power production to zero. This results
in the similar decelerations phenomenon of G8, G9, and G10 in Fig. 5.10(b) as that in Fig. 5.5(b).

In Fig. 5.10(d) and (e), abrupt Qs and vs changes are observed by VSCs 1 and 2 att = 1s and
1.155s. These phenomena are due to the operations of the wind farms. At t = 1s and 1.155s, VSC
1 is blocked and de-blocked. As a result, the active power production of the left wind farm is
suppressed to zero and recovered at these moments. On top of that, the production of the right wind
farm also depends on the magnitude of vs2 which shows abrupt change at these moments. These
abrupt wind power output changes lead to the sudden fluctuations of Qs and vs near the wind farms.

As can be seen in Fig. 5.10(f), DC bus 1 voltage near VSC 1 drops to zero after DC fault 1
occurrence. After t = 1.155s, VSC 1 is de-blocked and able to produce active and reactive power
outputs. Vpc recovery process is executed for the DC voltage at the fault location to be recovered
close to the pre-fault value. If the DC faulted transmission line is re-operated without this Vpc
recovery process, huge DC transmission line currents flow as explained in Chapter 2. The reactive
power output reference Qs is assigned to be identical to the pre-fault production, Qso. Active power
is supplied by VSC 1 from AC grid towards DC grid during Vpc recovery process as drawn in Fig.
5.10(c). This Vpc recovery process is finished after DC bus 1 voltage is recovered above 0.8 p.u..

It is shown in Fig. 5.10(g) that the faulted DC transmission line 1 does not operate during DC
fault 1 and Vpc recovery process. It is re-connected and DC transmission line 1 current starts to
flow after Vpc recovery process is finished.

This explanation is also valid for the time-domain simulation results with DC fault 2 in Fig.
5.11.
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DC fault 1 (DC fault near VSC 1)
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Fig. 5.10. Time-domain simulation results with DC fault 1 by hierarchical TSCOPF in Section 6
(a) Trajectories of generators’ rotor-angles with respect to COI
(b) Trajectories of generators’ rotational speed
(c) Trajectories of VSC active power outputs
(d) Trajectories of VSC reactive power outputs
(e) Trajectories of VSC PCC bus voltage magnitudes
(f) Trajectories of DC bus voltages
(9) Trajectories of DC transmission line current flows
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DC fault 2 (DC fault near VSC 2)
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Fig. 5.11. Time-domain simulation results with DC fault 2 by hierarchical TSCOPF in Section 6
(a) Trajectories of generators’ rotor-angles with respect to COI
(b) Trajectories of generators’ rotational speed
(c) Trajectories of VSC active power outputs
(d) Trajectories of VSC reactive power outputs
(e) Trajectories of VSC PCC bus voltage magnitudes
(F) Trajectories of DC bus voltages
(9) Trajectories of DC transmission line current flows
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The time-domain simulation results with DC fault 3 are shown in Fig. 5.12.

It is noteworthy to focus on the fluctuations of G1 in Fig. 5.12(a) and (b). In the pre-fault
operation, VSC 3 is in inverter-mode supplying active power towards AC grid side. This active
power cannot be supplied when VSC 3 is blocked during the fault occurrence. This active power
imbalance near G1 triggers the deceleration of G1 rotational speed close to 49.9Hz while VSC 3 is
blocked during t = 1 ~ 1.155s. After the fault is cleared, Vpc recovery process is carried out by
VSC 3. During this period, more than 4,000MW of active power is supplied from AC grid towards
DC grid by VSC 3 as can be seen in Fig. 5.12(c). As a consequence, the rotational speed of G1
decreases further near 49.6Hz in Fig. 5.12(b).

During Vpc recovery process, even though the reactive power output reference is assigned to
be its pre-fault value, the practical reactive power output of VSC 3 is not perfectly matched with
the pre-fault value as can be seen in Fig. 5.12(d). This is due to the fact that the active power output
of VSC 3 is also different from the pre-fault active power output in Fig. 5.12(c). The deviation of
VSC 4 reactive power output during Voc recovery process in Fig. 5.13(d) after DC fault 4 can also
be explained by this principle. These behaviors are noticeable for the VSCs with inverter-mode in
the pre-fault operation.

In the pre-fault state, wind power is transmitted into the DC grid by VSCs 1 and 2. After DC
fault 3, the active power injected by VSC 1 into the DC grid cannot be transmitted since the DC
transmission line 1 is disconnected. This results in the active power imbalance at DC bus 1. Hence,
DC bus 1 voltage swell near 1.38 p.u. is observed in Fig. 5.12(f).

In case of DC fault 3 occurrence, the DC transmission lines 1 and 3 are disconnected during
the fault occurrence and Vpc recovery process. As a consequence, the DC transmission line current
flows through these lines are zero as plotted in Fig. 5.12(qg).

The time-domain simulation results with DC fault 4 in Fig. 5.13 can also be interpreted in
the similar way.
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DC fault 3 (DC fault near VSC 3)
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Fig. 5.12. Time-domain simulation results with DC fault 3 by hierarchical TSCOPF in Section 6
(a) Trajectories of generators’ rotor-angles with respect to COI
(b) Trajectories of generators’ rotational speed
(c) Trajectories of VSC active power outputs
(d) Trajectories of VSC reactive power outputs
(e) Trajectories of VSC PCC bus voltage magnitudes
(f) Trajectories of DC bus voltages
(9) Trajectories of DC transmission line current flows
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DC fault 4 (DC fault near VSC 4)
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Fig. 5.13. Time-domain simulation results with DC fault 4 by hierarchical TSCOPF in Section 6
(a) Trajectories of generators’ rotor-angles with respect to COI
(b) Trajectories of generators’ rotational speed
(c) Trajectories of VSC active power outputs
(d) Trajectories of VSC reactive power outputs
(e) Trajectories of VSC PCC bus voltage magnitudes
(f) Trajectories of DC bus voltages
(9) Trajectories of DC transmission line current flows
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6. Conclusions and Future Works

The large-scale installations of renewable energy sources in power systems are currently
inevitable issues. Focusing on the large amount of wind energy utilization in Japan, the necessity
of long-distance transmission has been discussed. Two critical problems, the power system stability
aggravation triggered by the large-scale long-distance transmission and the low economic benefits
of the transmission systems have been explained to be overcome.

In this context, hierarchical stability constrained optimal power flow in mixed AC / multi-
terminal VSC HVDC systems with large-scale wind power plants has been formulated. This aims
at solving the critical problems of wind power transmission. Firstly, by considering the power
system stability as additional inequality constraints of the optimization process, the obtained
solution is stable from the stability viewpoints. Furthermore, the capacity factor and as a result, the
economic benefits obtained by the transmission system can be increased by flexible multi-terminal
VSC HVDC system operations.

As the power system model, the IEEJ EAST 10-machine System Model has been adopted to
simulate the large-scale wind power plants installation in Japan. The reinforcement with either AC
transmission system or a multi-terminal VSC HVDC system has been considered for the
installation of the wind power plants if necessary.

Hierarchical stability constrained optimal power flow approach has been suggested
considering both the reinforcements and operations of the power system models. VVarious scenarios
with different seasons, load patterns, and wind power outputs have been analyzed. Small-signal
stability and transient rotor-angle stability of AC grid have been considered since this rotor-angle
stability issue is the most critical constraint for the long-distance inter-area AC power transmission
in the current Japanese power system. Moreover, the transient PCC bus voltages of a VSC HVDC
system, transient DC bus voltages, and the fluctuations of DC transmission line current flows have
also been taken into account for proper VSC HVDC system operation.

To begin with, the wind power hosting capacities considering the small-signal stability
constraint have been calculated for the aim of the installation of the large-scale wind power plants.
Compared to the AC transmission systems whose wind power hosting capacities are limited by the
small-signal stability, the hosting capacities of MTDC systems are revealed to be larger. Among
many MTDC systems, the MTDC system which enables the largest wind power hosting capacity
has been found.

Given the hosting capacity results, the economic benefit analysis considering the
reinforcement decisions and operations of the MTDC systems has been carried out to evaluate the
benefits obtained by the proposed hierarchical OPF method. Based on the economic benefit
analysis, the sensitivity analysis of the wind power capacities and the small-signal stability
constraints has been carried out.

The influence of the transient stability constraints on the hosting capacity has been
investigated. It has been revealed that the transient PCC bus voltage issue when an AC fault near
the wind power plants is the most critical factor limiting the hosting capacity. The reinforcements
of AC transmission lines near the wind power plants are needed to increase the hosting capacity.
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The MTDC reinforcement and system operation results considering the transient stability
constraints have been discussed. In order to focus on the influence of the transient stability
constraints, the results with and without the transient stability constraints have been compared.
Time-domain simulation results with AC and DC faults have been explained to understand the
transient behaviors of mixed AC / multi-terminal VSC HVDC systems with the wind power plants.

The detailed conclusion of each chapter is summarized below. The accomplishments of this
dissertation are expected to expedite future power systems with renewable energy sources using
VSC HVDC systems.

Chapter 1

For the aim of massive wind energy utilizations in Japan, the necessity of HVDC
transmission systems has been suggested for the long-distance large-scale wind power transmission.
The characteristics of LCC and VSC based HVDC systems are compared. The basic multi-terminal
topologies and VSC converter configurations have been explained. The related previous works
regarding the transmission expansion planning and operation of VSC HVDC systems for the
transmission of renewable energy source outputs have been surveyed to distinguish the major
contributions of this dissertation from the works. The objectives and structure of this dissertation
have been summarized.

Chapter 2

To begin with, the synchronous generator model of conventional AC system has been
explained. The synchronous generator model is modified based on feasible assumptions for time-
domain simulation. Each synchronous generator model has been considered to be equipped with
AVR and GOV systems with first order lag transfer functions. VVoltage and frequency dependencies
of AC system loads have been discussed. In this dissertation, all AC system loads have been
considered as static constant impedance characteristic models for the simplicity. The aggregated
wind power plants modeled as static loads considering the FRT requirement have been included as
well.

Many types of VSC HVDC system models have been summarized. Among them, the average
value model with control system has been adopted and explained only considering symmetrical bi-
pole behaviors of power system models. As regards the DC voltage control cooperation of multi-
terminal VSC HVDC systems, voltage margin method and DC voltage droop control have been
discussed. The modified DC voltage control cooperation which utilizes the characteristics of both
methods has been adopted in this dissertation. The FRT requirement of VSC HVDC systems has
been considered.

The protection strategy of mixed AC / multi-terminal VSC HVDC systems has been
explained. Hybrid-type DC circuit breakers have been adopted to clear DC faulted sections and
produce artificial zero DC current quickly and selectively. After a DC fault clearance, DC voltage
recovery process is carried out if a significant DC voltage drop occurs.

A Japanese power system model with wind power plants has been adopted to simulate the
long-distance large-scale wind power transmission scenario in Japan. In order for the installations
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of the large-scale wind power plants, power system reinforcements with either new AC
transmission systems or a MTDC system have been considered if necessary.

Chapter 3

Instead of the strict long-term economic benefit analysis during the whole life-time of a VSC
HVDC system, a simplified annual analysis has been suggested. One year has been classified into
different section numbers depending on the conditions of seasons, load patterns, and wind power
outputs.

Hierarchical stability constrained optimal power flow has been formulated to calculate the
reinforcement decisions and operations of MTDC systems. Since power system stability is the
critical issue as for the long-distance large-scale wind power transmission, the small-signal stability
constraints, the transient fluctuations of generators’ rotor-angles, PCC bus voltages, DC bus
voltages, and DC transmission line current flows have been taken into account as additional
constraints. As a consequence, the obtained OPF solutions are stable from all these stability
viewpoints.

In order to solve this optimization problem, differential evolution algorithm has been
adopted. The stability constraints can be easily handled using fitness functions and penalty values
in this evolutionary algorithm.

Chapter 4

To begin with, the wind power hosting capacities of power system models considering the
small-signal stability constraints have been surveyed. It has been revealed that unlike pure AC
systems which suffer from the small-signal instability problem, the system model reinforced with
a MTDC system is free from such problem.

Several different multi-terminal topologies have been considered. The corresponding hosting
capacities of the MTDC systems have been calculated. The critical factor determining different
hosting capacities is AC transmission line capacities nearby the inverter-mode VSCs. The MTDC
system which enables the largest wind power hosting capacity has been revealed that AC
transmission lines nearby the inverter-mode VSCs have sufficient capacities. Considering the
largest hosting capacity is constrained by the minimum thermal power plant production limits,
additional energy storage systems are required to increase the wind power hosting capacity.

A novel economic benefit analysis has been proposed to evaluate the economic benefits
obtained by the installations of wind power plants, MTDC reinforcements, and operations. The
fuel cost reduction effects and increased wheeling charge incomes of MTDC systems have been
included in cash inflow terms. As for the fuel cost reduction effect, the contributions of wind power
plants and the proposed method using MTDC systems have been defined separately to exclude the
effect by the wind power plants. Net present values and profitability indices have been calculated
to evaluate the economic benefits of the proposed method using MTDC systems.

By the sensitivity analysis of wind power capacity, the following discussions have been
obtained. As the total capacity of the wind power plants increases, higher annual cash flow and
NPV of the MTDC system have been obtained. Regarding the MTDC investment efficiency, the
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results of Pl indicate the wind power capacity which results in the maximum investment efficiency
exists.

The sensitivity analysis of small-signal stability constraints has also been carried out.
Different damping ratio constraints have been taken into account in the analysis. When a strict
damping ratio constraint is considered in a system without any MTDC systems, the annual fuel
cost result is increased. On the contrary, the annual fuel cost of the system with a MTDC system is
not influenced by the same damping ratio constraint thanks to the system stabilization effect of the
MTDC system. The increased fuel cost reduction benefit of the MTDC system has been obtained
by the considerations of strict damping ratio constraints. As a result, the results of NPV and PI have
also been increased.

Chapter 5

It has been revealed that the wind power hosting capacity is reduced by the consideration of
the transient stability constraints. Transient voltage instability after the AC fault occurrence near
the wind power plants is critical. From this aspect, AC transmission line reinforcements close to
the wind power plants are required to increase wind power hosting capacity.

Given the hosting capacity, the hierarchical TSCOPF analysis has been carried out to obtain
system reinforcement and operations. The developed hierarchical TSCOPF analysis is able to give
the solutions which are stable against critical AC and DC faults. Time-domain simulation results
with these AC and DC faults have been explained to understand the transient behaviors of the
mixed AC / multi-terminal VSC HVDC system with the wind power plants.

The influences of the transient stability constraints on the reinforcement and fuel costs have
been investigated. Firstly, the required multi-terminal VSC HVDC system reinforcement capacity
is increased when the transient stability constraints are considered. Regarding the fuel costs,
different influences of the transient stability constraints have been observed depending on the wind
power output conditions. When the wind power output is sufficient to supply the nearby load
consumption, the rest of the wind power is transmitted towards the large demand area. Since the
VSC HVDC reinforcement, control system, and parameters are designed for this wind power
transmission scenario, the fuel cost increments in TSCOPF analysis compared to the costs in SSSC-
OPF analysis are relatively low when a sufficient amount of wind power is produced. On the
contrary, substantial fuel cost increments have been calculated by TSCOPF analysis in other
conditions. In order to relieve these fuel cost increments, an improved DC voltage control strategy
is required. Instead of controlling VSC converters, the temporary disconnection of the multi-
terminal VSC HVDC system is also possible.
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Future works

Firstly, the utilizations of MTDC systems with different control strategies are necessary. In
this dissertation, the most widely adopted conventional vector current control is utilized as the
control strategy of VSC HVDC system. On top of that, DC voltage droop controls with voltage
margins are used for some VSC converters. However, different results can be obtained if other
improved control methods of MTDC systems are applied in the analysis. In particular, an improved
DC voltage control method is also necessary to relieve the fuel cost increments in TSCOPF analysis
explained in Chapter 5.

The second future work is the analysis with optimized control system parameters. The control
system parameters are determined by trial and error approaches. Although this method is still
acceptable when the transmission system operator is aware of effective control system parameters,
theoretical background and improved dynamic behaviors of MTDC systems can be achieved by
the optimization of control system parameters. General applications of the proposed method in
other power system models with optimized control system parameters are also expected.

The works related to wind power plant models are also required. In this dissertation, wind
power plants are modeled as simple static aggregated loads. On the other hand, it is worth
considering the dynamic behaviors of different popular wind turbine types such as doubly-fed
induction generator (DFIG), permanent magnet synchronous generator (PMSG), and so on. By
considering the dynamic behaviors and the control systems of these wind power plants, reduced
investment and fuel cost results are assumed to be obtained.

Another work regarding wind power plants is the consideration of wind power output
suppression. Since wind power hosting capacities have been investigated in this dissertation, the
suppression of wind power output is not allowed except the post-fault N-1 criterion feasibility
analysis. If the wind power output suppression is allowed, different economic benefit analysis and
business model of MTDC systems can be developed.

The next topic is relevant to the modeling of VSC HVDC system. HVDC systems with MMC
technology are attracting much attention for large-scale high voltage-level HVDC implementations
recently. The most distinctive point of MMC HVDC systems compared to conventional two or
three-level-based VSC HVDC systems is the operations of sub-modules. However, this work
should be carried out carefully since the representation of all MMC sub-module behaviors requires
high computational burden.

The introductions of additional energy storage systems can be considered to utilize more
wind energy. In Chapter 4, 9+9GW of wind power hosting capacity has been calculated. This
hosting capacity is limited by the constraint of thermal power plants’ lower active power production
limits. These minimum active power production constraints are violated when more than 9+9GW
wind farms are installed in cases of spring and autumn low-load conditions with rated wind power
output. This can be overcome by additional energy storage systems. Different economic benefit
analysis integrating these storage facilities will be necessary in these scenarios.

The scenario considering the reinforcements of both AC and VSC HVDC transmission is
needed to be discussed. In Chapter 5 considering the transient stability constraints, the wind power
hosting capacity is constrained by the transient voltage stability issue. Additional AC transmission
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lines are necessary to solve this problem. In such case, the economic benefit analysis covering both
AC and VSC HVDC transmission systems should also be developed.

The analysis considering not only the economic aspects, but environmental issues should be
discussed. Since only the fuel costs of the thermal power plants are taken into account in the
objective functions of the OPF analysis, the active power productions of coal-fired power plants
with cheap fuel cost coefficients are relatively higher than other types of thermal power plants,
which may not be desirable from the environmental viewpoint. In this context, other analysis
models considering both economic and environmental aspects are necessary.

The last future work is the comparison between multi-terminal and point-to-point VSC
HVDC systems with the transient stability constraints. The concept of flexible multi-terminal VSC
HVDC operation has been suggested in this dissertation. However, this requires the installations
of bidirectional hybrid DC CBs at the both ends of every DC transmission line to produce artificial
zero DC current if a DC fault occurs. This yields additional investment costs to configure a multi-
terminal topology. On the contrary, even though the operation flexibilities of VSC HVDC systems
are reduced in cases of point-to-point configurations, a DC fault in a point-to-point VSC HVDC
system can be cleared without expensive hybrid DC CBs by the loss of the entire faulted point-to-
point VSC HVDC system. Hence, the economic benefit comparison between point-to-point and
multi-terminal configurations considering transient stability constraints is worth to be investigated.
In this context, the economic benefit comparison among different multi-terminal configuration
considering the transient stability constraints is also necessary. Especially, the implementations of
the three-terminal topologies in Chapter 4 without using DC CBs are also worth analyzing. In such
cases, several three-terminal topologies without DC CBs may be evaluated to be more economical
than four-terminal configurations using DC CBs.
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Appendix
A. SYSTEM CONVERGENCE CALCULATION

In Runge-Kutta method, the state variables at the n+1th time step are updated by differential
equations using the state variables and other variables at the nth time step. The values of the
variables except the state variables are calculated based on algebraic equations of a power system
model using the state variables at the n+1th time step.

The system AC bus voltage values at the n+1th time step can be obtained using this principle.
If the system admittance matrix Y is known, the system AC bus voltage values at the n+1th time
step can be calculated using the nodal equations in (A.1), which can be utilized for updating the
state variables at the next n+2th time step.

In case of the systems with a multi-terminal VSC HVDC system, since the current injections
by the multi-terminal VSC HVDC system are modeled as the state variables, those values are
updated and known at the n+1th time step. Therefore, the AC bus voltage values at the n+1th time
step can also be obtained using the simple algebraic equation in (A.1). Regarding the AC load
characteristics, this principle can also be applied if Y is fixed during the entire period of the time-
domain simulation.

Tac =YacVac (A 1)

Yac  Admittance matrix in AC grid
Vac  Node voltage in AC grid
lac  Current injection in AC grid

However, the system admittance matrix Y is not fixed with the consideration of the wind
power plant models. Hence, the principle cannot be used for the AC bus voltage calculation in case
of wind power plants installation in AC grid. In this dissertation, the system convergence
calculation is adopted to calculate AC bus voltages during the time-domain simulation.

First of all, instead of obtaining the exact values of AC bus voltages, the estimated values of
AC bus voltages Vest at the n+1th time step are determined. The voltage values at the previous nth
time step can be used as the initial estimated voltage values.

As a result, the estimated system admittance matrix Yest can be obtained. Here, Yes is
composed of three components as (A.2): the admittances of AC network transmission lines, loads
with constant impedance characteristics, wind power plant models. To be specific, the admittance
components of AC transmission lines and loads are fixed. The estimated admittances of wind
power plant models can be obtained as (A.3).
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= Ynetwork +Yload +Yest,wind (A2)

I:)wind
3 (A.3)

est,wind —
Nest,wind

est

Since the internal voltage values of generators are handled as the state variables, those at the
n+1th time step are already known. The current injection values of generators into AC grid can be
estimated based on the estimated admittance, voltage values and the internal voltage values. It
should be noted that all current injection values are represented in the synchronously rotating DQ
axes. Equations (A.4) and (A.5) correspond to the nodal equations which can also be expressed as
the reduction form with respect to generator buses in (A.6). The relation between generators’
voltage and current is modeled as (A.7). By manipulating all these equations, it is summed up as
(A.8) which reflects all generators and AC grid nodal equations with respect to generator buses.
As a consequence, the estimated values of generators’ current injections can be calculated using
(A.9). It should be noted in (A.9) that is are state variables of the multi-terminal VSC HVDC
system, those values are not needed to be estimated.

YooV + VeV, = I (A.4)
YoV + YV =g (A.5)
le = (Yoo _YGsYs;IYsG Ve +YGsYs;1is (A.6)
VG:EG_Z*IG (A7)
lo =Y. Eg + Kii, (A.8)
IG,esi = (YGG,esi _YGs,esiYs;lesiYsG,esi )Ve,esi +YGs,esiYs;,lesiis (A.9)

where

G Generator

S PCC bus of multi-terminal VSC HVDC system

Ve Generator bus voltage

Vs PCC bus voltage of multi-terminal VSC HVDC system

le Current injection by generators

Is Current injection by multi-terminal VSC HVDC system

o R+ (Xd - X;)sin 51:2055 — (X, c"os2 5"+ Xq sin® o) (A.10)

Xgsin“o+ X, c0s°6  R—(Xy—X,)sinscoss

Yo =(1+Y"Z)Y" (A.11)

K =(1+Y"Z7) YY)t (A.12)

Y =Y — Yo Yo Ve (A.13)

As the next step in (A.14), AC bus voltage can be re-calculated based on the estimated
admittance matrix and the current injection values. In (A.14), it is assumed that there is no current
injection into AC grid except generators and a multi-terminal VSC HVDC system. (A.14) can also
be simplified as (A.15).
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VG,check YGG,est YGs,est YGL,est IG,est
Vs check |~ YsG jest Yss Jest YsL ,est is (A 1 4)
VL,check YLG Jest YLs,est YLL,est 0

Vcheck = Ye;tl I est (A 1 5 )

Finally, Vest and Vcneck are compared to check the feasibility of Vest. If the difference of those
values | Veneck — Vest | are small enough, it is inferred that Ve satisfies all system behaviors from
(A.4) to (A.8). Therefore, Vest can be adopted as the AC bus voltage values at the n+1th time step.
If the difference is not negligible, Ve is adjusted to be Vestnew as (A.16) and the same procedure is
repeated until the feasible Ve is found. In this dissertation, Ve is adopted if the difference | Vcheck
— Vest | of all AC bus voltages are less than 0.001 p.u.. The adjustment ratio o is set to be 0.3 p.u..

Vestnew = 0L % (Vcheck - Vest) (A 16)

The entire process of the system convergence calculation is plotted in Fig. A.1.

K=0
—epy,
<>

Yes

Estimate Vest

v

Obtain Yest
by (A.2)

v

Obtain
lest (1G,est)
by (A.9)

¥

Calculate Vcheck
by (A.12)

| Vcheck - Ves\ |
small enough?

End

Fig. A.1. Algorithm of system convergence calculation

In cases of sudden AC grid changes and non-linear behaviors, the proper Vest values are often
not found during the iterative calculation until Kmax. In such cases, the operation point is classified
as unstable and the OPF solution is not adopted.
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B.SYSTEM MODEL LINEARIZATION

In order for the small-signal stability analysis, the eigenvalues of the system at an operating
point are calculated. To this end, the integrated linear model which consists of synchronous
generators, AC system, wind power plants, and a multi-terminal VSC-HVDC system is calculated.

Xg» Xvsc, and X, represent the state variables for each generator, VSC converter, and DC line
respectively. Xwtal COrresponds to the entire state variable vector. For instance, Xtotal is composed of
131 state variables when a system model consists of ten generators and four-terminal VSC-HVDC
system model with three DC lines.

The linearized synchronous generator model is represented in (B.1) — (B.3). Equation (B.4)
is the linearized AC network equation from (B.12). The linearized model of the multi-terminal
VSC-HVDC system is obtained in (B.5) — (B.8). The integrated model of the linearized mixed AC
/ multi-terminal VSC-HVDC system with wind power plants corresponds to (B.9) and (B.10).

The eigenvalues of Awtal matrix at the operating point are calculated for the small-signal
stability analysis of the mixed AC / multi-terminal VSC-HVDC system. The notation ‘-” on the
state variables represents the differentiation operator with respect to the time domain.

ALAX, + B AV, =C, AX, (B.1)
Alg =Y5AVg = D, AX, (B.2)
Axg = [Aia Aig Aifa Aira Aigg Airg A6 Ao AP AvT (B3)
AV, Zoo Zgs Zgp || Alg
AV, |=|Zy Zy Zg | A (B.4)
AV, Zog Zps Zpp | Al
AXvsc = A/sclAXvsc + A/chAvs + AISC3AI DC (B'S)
AXVSC = [Aisd Aisz] AVpcAz; AZZ Az3 AZ4]T (B6)
AX|.DC‘,,"e = LEchAxvsc - L;c Roc AX|DC‘,,”E (B7)
AXy o= [Al DC.Iine]T (BS)
A X.
S An A, A AX
AXvsc = A21 AZZ A23 AXvsc (B9)
Ax Ay Ap o Ag A
AXtotal = AotaIAxmtal (B 10)
where
_y-l _
Tac =YacVac 91 VAC _YACIAC - ZACIAC
—VG IG
v, i (B.11)
v, | =%l
P P
v, 0
_VG Zog Zgs Zep | s
Vo |=|Zse Zss Zgp is (B 12)
7VP Zog Zps Zpp ] lp
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X4 0 X, —X 0 0 0 0 0 O
0 X, 0 0 Xy X, 0 0 0 0
Xpg 0 Xg  Xmg 0 0 0 0 0 O
Xy 0 Xy X, O 0 0 0 0 0
0 -x 0 0 X X 00 0 O
— mg fq mg
A=l g X 0 0 X, X, 0 0 0 0 (B.13)
0 0 0 0 0 0 10 0 0
00 0 0 0 0 02H 0 0
0 0 0 0 0 0 0 0 T, O
Lo 0 0o 0 0 0 00 0 T
sind —C0SJ
c0SS sing
By = U 0451 (B 14)
Rfd KAVD Rfd KAV
de Vt de Vl
-R X, 0 0 X X Vg 0 0
- Xy -R Xng Xnd 0 vy é 0 0
0 0 R, 0 0 0 0 0 0 1
0 0 0 -R, 0 0 0 0 0 0
0 0 0 0 -R 0 0 0 0 0
C, = i
& 0 0 0 0 0 -R, O 0 0 0 (B' 15)
0 0 0 0 0 0 0 1 0 0
Gt Xy Xy ~Xaly ~Xaly Xy Xudy O -T,+D 1 0
0 0 0 0 0 0 0 -Kg -1 0
| 0 0 0 o o o0 o 0 0 -1
siné coss O -1, 0
- = ) 1X4 Q 1X3 (B,l6)
—cosd sind 0, Iy 0O,
Aac, Bac, Cacy Dac Linearized model of synchronous generator with Park model in
synchronously rotating DQ frame
Ic=1Ip+jlp Current injection at generator buses
Omxn zero matrix with m rows and n columns
m
\Y
Po = Ppo(vp]
PO
V n
Qp = on [VP] (B. 17)
PO
for wind power plants (constant power loads), m=n=0
V2 Q VoV, _Q V2 VeV
G —_PO F’O 2 RO _<PO 2 RO"I0 _<PO 2 RO 0 _2 ROY10
"V ((m i j V2 [(” vz j Vv ((” Ul aval Kt
2 2
B, - Qo [(n Vi J Pif[(m_z)vm\zl.oj G, =P ((m Vb g J Qo [(n Z)VRO\:IOJ (B.18)
Vpo Veo Veo Veo Vpo Veo Vpo Veo
where Vpo=Vro+jVio
Ai = A;cl(cac - B ZGG Dac - B K Y ZPG Dac) A12 = A;cl (7BacZGS - Bac KlYPZPS) A13 . Zero matrix (B 19)

A = Ao (Zsg Dy + KyYpZpo Dye) Ay = A + A (Zss + Ky Yo Zps) Ay = _A/sc3W|;c
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A, - Z€ro matrix A, = LW, A, =—LLRo
_ 1 _ -1
where K1 _ZGP(I _YPZPP) Kz _ZSP(I _YPZPP)
Avscl matl’iX
r Rk Ky KKy Vg . 1 [
L. L [ L L
Kpi iKp,g,Vsai CReHKG) KKy Ve 0 0 0 e
[ L L
(—Vegi + kp- ilsai chlsq\) km |kp pi [ _ km -kp q.i sqvvsqv (’chv + kpl,visql +oliy) kpv \kp p.i vlsdlvsql km vku q.ilsqiVsai (Vegilssi +chv|sqv) —lgy i isdvkpl,v iSqlkpl‘l
Aﬁﬂ B CDCVDC i CDCVDC i CDCVDC‘\ CDCVDC i CDC DC.i CDCVDC i CDCVDC‘I CDCVDC.Y CDC DC.i CDCVDC‘I CDCVDC‘I
=K = ki Kp p i Veai —Ki Ko piVeai 0 0 Kiis 0
Kii iKp.q.Vsai =Ky i =K iKp . Vaai 0 0 0 —kii
=Ki pVegi =K pVegi 0 0 0 0
L —KiqVeqi KiqiVsai 0 0 0 (U
for Ps — Qs control mode of VSC i
[ 7(Rc+kpm) 0 KpiiKpoc 1 0 7kpi‘i 0 i
LC LC LC LC
kpl,ikpq‘lvsql 7(Rc tkpi‘l) kpukiq. sdi 0 0 Li 0 7k|:m
A (Veai + Kyl = mLclsql) KpiiKpaisaVe (Vo + Kpisloq + 0lclsy) kp. KogilsaVea  (Voolsai + Vel —KpaeiKpiVocibsa) =iy g [T L
st CDCVDC,I CDCVDC‘I CDCVDC‘I CDC\/DC.I CDCVDC i CDCVDC‘I CDCVDC.I CDCVDC i CDCVDC‘I
—kii 0 klllkp DC.i 0 0 =k 0
kii.ikp,q‘ivsql _kii‘i _kii,lkp,q‘ivsd\ 0 0 0 0 _kii,i
0 0 —Kioes 0 0 0 0
| —KiqiVsqi K; qiVsai 0 0 0 0 0 |
for Vbc — Qs control mode of VSC i
_ (Rc -:;kpl,l) kpl |k|p_ p.i sdl _ kpl,lkEp,ivsql 0 i 0 % 0 i
O (R + kpl |) 0 0 i 0 kpi‘l
LC LC
A= (Ve + kp. ilsdi chlsql p. i p b Vs (_V + kpu sai T chlsdl) kpu i sdlvsql (Vegilsai + Vil sq|) — g - isqi isdikpi,i - Isqlkpl i
- CocVoc,i CocVoc,i CocVoc,i CocVic,i Co V[fc i CocVoci  CocVioci  CocVoei  CocVic,
- kii,i - kii,ikp‘p,ivsdi - kii,ikp,p‘ivsqi 0 0 0 kii,i 0
0 —kKiii 0 0 0 0 Kii;
- ki,p‘ivsdi - ki‘p‘ivsqi 0 0 0 0
L 0 0 0 0 0 0 |
for Ps — vs control mode of VSC i
7<Rc Lkpi,i) 0 kpllkLpDCI Li 0 7% 0
. Rk . . 1 o K
LC LC LC
A= (_V + kpl i'sdi w"c'sm) (- Vegi T kpl ilsi + wLCISdI) (Vcdiisdl + chllsql - kp de, |kp| |VDC i sdl) - isdl - isqi isdikpi,i Isqlkpl i
= 2
st CocVoc; CocVoc; CocVoci CocVoci  CocVoci  CocVoci  CocVoc,
. 0 k. .k 0 0 =K 0
i i i.i™p,DC.i i
0 —kKii; 0 0 0 0 Ki;
0 0 —Kipci 0 0 0 0
0 0 0 0 0 0 0 |

for Vfoc — Vs control mode of VSC i
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Avsco matrix
I k. Kk i

KyiiKp il

__piiTp,p.itsdi _ _piip,p.isgi
L L,
_ I(pi,ikp,q,iisqi kpi,ikp‘q,iisdi
L, L,
A] _ (kpl |kp p.i Sdl + kpl |kp q,i sql) isdi (kpl |kp p.i sdl sqi kpl |kp q,i sdl sql) isqi
w2 CocVoc,i CocVoc,i i
kulkpplsdl kulkp plsql
klllkpqlsql kulkpqlsdl
- I(i,p,ilsdi - I(i,p.ilsqi
kl‘q,iisqi ki,q,lisdi
for Ps — Qs control mode of VSC i
- 0 ' 0 . -
_ kpi,ikp,q.ilsqi kpi.ikp.q‘ilsdi
L, L.
kpi,lkp,q,iiszqi _isdi kpllkpql sdil sqi _isqi
A, = CocVic, CocVoc
0 0
klllkpql sqi ku,lkp,q,lisdl
0 0
L ki,q,lisql kl‘q.iisdl a
for Vbc — Qs control mode of VSC i
kpllkp pi sdl kpi,ikp‘p,iisqi
L, L,
kpllkpau sdi kpllkpam sqi
Tl Tl
_(isdi VSI kpllkpaclsql Sdl) kpllkp pISdI _(Sql si kpllkPﬁNSCI' Sql) kpllkp p.i Sdl sqi
Ay = CocVoc,i|Vs CocVoci CocVoc,i|Vs CocVoc,
kulkp pISdI knlkpplsql
_ kll,lkp,ac.lvsdl _ ku‘lkp,ac,lvsql
Tl Tl
- kl‘p,llsdl - ki,p,llsqi
_ Ki aciVsai _ Ki acVsgi
‘VS"‘ VS.I

for P_; — Vs control mode of VSC i

kpllkp ac,i Sdl kpllkp ac,i sql
7(sd| s,i kpnkpamsql sm) 7(sq| s,i kpllkpaclsql sq|)
c:DCVDC,i s,i CDCVDC‘i s,i
A/scz = 0
B K iKp ac.iVsai B KiiiKp a0.Vsqi
Vs,i Vs,i
0 0
_ ki,aC.iVSdi _ i,ac,ivsqi
VS,I VS,I

for V_Dc — Vs control mode of VSC i
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Avsca matrix

An=l0 0 21 00 0 O}T for all VSC control modes (B.22)
10 -1 0
Wye=[0 1 0 -1

© 00 1 -1 (B.23)

for four-terminal VSC-HVDC system (from DC bus : 1, to DC bus : —1)

Robc, Loc : DC grid resistance and inductance matrix
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C.SYSTEM DATA

Table C.1. Transmission line data of Base Case system

From bus To bus R [p.u.] X[p.u.] Y/2 [p.u.]
1 11 0 0.0182 0
2 12 0 0.0116 0
3 13 0 0.0212 0
4 14 0 0.0116 0
5 15 0 0.0212 0
6 16 0 0.0116 0
7 17 0 0.0116 0
8 18 0 0.0182 0
9 19 0 0.0182 0
10 20 0 0.0255 0
50 48 0 0.0255 0
51 49 0 0.0255 0
22 38 0 0.0233 0
24 39 0 0.0117 0
27 40 0 0.0117 0
30 41 0 0.0117 0
33 42 0 0.0117 0
34 43 0 0.0233 0
25 44 0 0.0233 0
28 45 0 0.0233 0
31 46 0 0.02333 0
36 18 0 0.0311 0
37 19 0 0.0311 0
20 47 0 0.0311 0
11 21 0.00184 0.0427 0.0861
21 22 0.00115 0.0267 0.0538
21 23 0.00184 0.0427 0.0861
22 24 0.000920 0.0217 0.0430
23 24 0.00115 0.0267 0.0538
25 23 0.00184 0.0427 0.0861
12 13 0.000575 0.0136 0.108
13 25 0.000575 0.0136 0.108
25 26 0.000920 0.0217 0.0430
26 27 0.000575 0.0136 0.108
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From bus To bus R [p.u] X [p.u.] Y/2 [p.u.]
27 24 0.00138 0.0320 0.0646
28 26 0.000920 0.0214 0.0430
14 15 0.000575 0.0134 0.108
15 28 0.000575 0.0134 0.108
28 29 0.000920 0.0214 0.0430
29 30 0.000575 0.0134 0.108
30 27 0.000920 0.0214 0.0430
31 29 0.000920 0.0214 0.0430
33 30 0.00138 0.0320 0.0646
31 32 0.00184 0.0427 0.0861
32 33 0.00115 0.0267 0.0538
35 32 0.00184 0.0427 0.0861
35 34 0.00115 0.0267 0.0538
34 33 0.000920 0.0214 0.0430
17 31 0.00115 0.0267 0.215
36 17 0.00230 0.0534 0.108
37 36 0.00460 0.107 0.215
20 48 0.00460 0.107 0.215
48 49 0.00460 0.107 0.215
49 37 0.00460 0.107 0.215
19 18 0.0154 0.353 0.0620
47 19 0.0154 0.353 0.0620
16 35 0.000920 0.0214 0.172
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Table C.2. Synchronous generator data

Xd Xd' Xd" Xq Xq' Xq" X Tq' Tq"
Generator | v 1 | p.u] | [pul | pud | o.ud | [pul | [pud | [sec] | [sec]
Gl 1.70 | 0.350 | 0.250 | 1.70 | 0.350 | 0.250 | 0.225 | 4.90 | 0.0420
G2 1.70 | 0.380 | 0.280 | 1.70 | 0.380 | 0.280 | 0.252 | 6.75 | 0.0410
G3 1.20 | 0.350 | 0.260 | 0.720 | 0.350 | 0.260 | 0.234 | 8.96 | 0.0670
G4 1.70 | 0.350 | 0.250 | 1.70 | 0.350 | 0.250 | 0.225 | 4.90 | 0.0420
G5 1.20 | 0.350 | 0.260 | 0.720 | 0.350 | 0.260 | 0.234 | 8.96 | 0.0670
G6 1.70 | 0.350 | 0.250 | 1.70 | 0.350 | 0.250 | 0.225 | 4.90 | 0.0420
G7 1.70 | 0.380 | 0.280 | 1.70 | 0.380 | 0.280 | 0.252 | 6.75 | 0.0410
G8 1.70 | 0.350 | 0.250 | 1.70 | 0.350 | 0.250 | 0.225 | 4.90 | 0.0420
G9 1.70 | 0.350 | 0.250 | 1.70 | 0.350 | 0.250 | 0.225 | 4.90 | 0.0420
G10 1.70 | 0.350 | 0.250 | 1.70 | 0.350 | 0.250 | 0.225 | 4.90 | 0.0420
Generator | 9. | 19 R | Keov | Teov | Kaw | Taw | D H caRr?z;gidty
[sec] | [sec] | [p.u.] | [p.u.]| [sec] | [p.u.] | [sec] | [p.u.] | [sec] [MVA]
Gl 0.981 | 0.0420 0 20.0 | 2.00 | 5.00 | 0.500 0 4.00 8240
G2 1.35 |0.0420 0 20.0 | 2.00 | 5.00 | 0.500 0 4.00 | 12940
G3 1.07 | 0.0420 0 20.0 | 2.00 | 5.00 | 0.500 0 5.00 7060
G4 0.981 | 0.0420 0 20.0 | 2.00 | 5.00 | 0.500 0 4.00 | 12940
G5 1.07 | 0.0420 0 20.0 | 2.00 | 5.00 | 0.500 0 5.00 7060
G6 0.981 | 0.0420 0 20.0 | 2.00 | 5.00 | 0.500 0 4,00 | 12940
G7 1.35 |0.0420 0 20.0 | 2.00 | 5.00 | 0.500 0 4.00 | 12940
G8 0.981 | 0.0420 0 20.0 | 2.00 | 5.00 | 0.500 0 4.00 8240
G9 0.981 | 0.0420 0 20.0 | 2.00 | 5.00 | 0.500 0 4.00 8240
G10 0.981 | 0.0420 0 20.0 | 2.00 | 5.00 | 0.500 0 4.00 5880
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Table C.3. Generator types, fuel cost coefficients, and power production constraints

Active power

Fuel cost coefficients Active production
limit [MW]
power
Generator Type Bi Ai .
Ci [JPY / [IPY / production _
[ﬁsl](r]/ MW x MW2 x [MW] min | max
hour] hour]
Thermal
G1 (ING) 1170000 2400 0.04 | controllable | 140 | 7000
G2 Nuclear 11000
Pumped-
G3 storage 5630
hydro
G4 T?Czr:f)al 6050000 400 0.063 | controllable | 330 | 11000
Pumped-
G5 storage 5800
hydro
G6 T(}g;?)al 6050000 400 0.063 slack 330 | 11000
G7 Nuclear 11000
G8 T}Ef)?lr)lal 2600000 5000 0.038 | controllable | 175 | 7000
G9 T}Ef)‘flr)lal 2600000 5000 0.038 | controllable | 175 | 7000
G10 T}zf)‘fl‘)lal 2000000 5000 0.005 | controllable | 100 | 5000
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