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Abstract

Minimization of the total transmission loss of an interconnected AC-DC grid plays an important
role in the economic operation of the AC-DC grid. Different from the conventional AC grid where
the transmission loss is usually minimized by reactive power regulation, the transmission loss of
a meshed AC-DC grid can be optimized by adjusting the active power exchange between the AC
and DC grids. Additionally, smaller DC voltage deviation after grid disturbances is very desirable
since it can bring less impact to the operations of AC-DC grid. This thesis firstly presents two
improved sequential power flow algorithms for modular multilevel converters (MMCs) based AC-
DC grid under DC power-voltage droop control. An optimization algorithm is then proposed to
minimize the total loss of the AC-DC grid and the overall DC voltage deviation after the change
of operating conditions. Adaptive droop control is used in the proposed optimization algorithm in

which the power references are control variables solved from the optimal AC-DC power flow.

Active power sharing and voltage regulation are two of the major control challenges in the
operation of the voltage source converter based multi-terminal high-voltage DC (VSC-MTDC)
system. Conventional droop control methods for power-sharing in an MTDC grid lead to voltage
deviation from the nominal value. Moreover, the power-sharing is inaccurate in the droop-
controlled MTDC system. This thesis proposes two novel autonomous control methods to regulate
average DC voltage and share the power burden proportionally, using the adaptive droop control
strategy. The proposed Method I utilizes DC grid lossy model with the local voltage droop control
(LVDC) strategy, while the proposed Method II adopts a modified common voltage droop control
(MCVDC) based on DC grid lossless model.

The regulation of active power flowing through one or multiple DC lines plays an important role
to guarantee secure and economic operations of MTDC grids. This thesis proposes a new method
to regulate DC line power flow based on the adaptive DC voltage droop control strategy in which
the voltage references of the voltage droop controllers vary autonomously at post-contingencies.
The main advantage of the proposed method is that it can avoid installation of extra equipment
and thus the associated losses and costs in the power-converter-based power flow control methods.
The proposed control approach does not require solving online global AC-DC power flow

equations, leading to autonomous control.
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Lay Summary

MTDC network is a promising technology to integrate large-scale renewable energy sources into
conventional AC grid. An MTDC grid, enabled by the voltage source converter VSC technology,
provides numerous advantages over the traditional point-to-point high voltage direct current
HVDC systems. In order to determine the steady-state operating points and to plan future
expansion of an AC-MTDC grid, the power flow of the AC-MTDC grid is required to be solved
accurately and efficiently. One of the ultimate aims of this thesis is to develop an improved
sequential power flow method that is more accurate and efficient than the existing methods. At the
same time, the proposed improved power flow method can also realize some optimization targets,
so as to guarantee safe and economic operation of the AC-MTDC system. On the other hand, active
power sharing and voltage regulation are two of the major control challenges in the operation of
the voltage source converter based multi-terminal high-voltage DC (VSC-MTDC) system. The
existing control methods to control DC voltage and power sharing need tradeoff between the two
control targets and heavily rely on communication system. Thus, the other ultimate goal of this
thesis is to propose an autonomous control strategy to realize average DC voltage regulation and

power sharing without any tradeoff.
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1 Introduction

1.1 Motivation

Sustainable energy future calls for the development of large-scale onshore and offshore wind
power generation. Offshore wind farms are growing rapidly due to the advantages of less wind
variation and space restriction. Generally, offshore wind farms are located far away from the main
AC grid. High voltage multi-terminal DC (MTDC) network, also known as DC grid, is a promising
technology to integrate large-scale renewable energy sources especially offshore wind farms into
conventional AC grid. A DC grid, enabled by the voltage source converter (VSC) technology,
provides numerous advantages over the traditional point-to-point high voltage direct current
(HVDC) systems such as improved efficiency, increased reliability, and reduced number of
converter stations [1]—[3]. In addition, newer power converter technology, i.e., modular multilevel
converters (MMCs) have been replacing the conventional two- or three-level converter
technologies for HVDC applications due to their distinguished merits in terms of performance,

scalability and controllability [4]—[6].

The use of an MTDC grid brings challenges for converter control strategies. The traditional
master-slave control for the converter stations has one DC slack bus to regulate the DC grid voltage
which is vulnerable to DC-grid faults. The stability of the DC grid can be greatly improved by
applying P-V or I-V droop control since several converters in a droop control mode can function as
distributed DC slack buses [7]-[11]. However, conventional droop control methods for power-
sharing in a multi-terminal high voltage DC (MTDC) grid lead to voltage deviation from the
nominal value. Moreover, the power-sharing is inaccurate in the droop-controlled MTDC system.
Thus, it is essential to guarantee desirable power sharing and regulate the DC voltage profile

following unscheduled contingencies.

In order to determine the steady-state operating points and to plan future expansion of an AC-
MTDC grid, the power flow of the AC-MTDC grid is required to be solved accurately. There are
mainly two types of power flow algorithm for AC-MTDC grid, i.e., the sequential [12]—[14] and
the unified power flow methods [15]—[17]. The advantage of the sequential power flow approach
is that it is convenient to incorporate the DC power flow algorithm into an existing AC power flow

software package such as PSS/E. In [18] and [19], the power flow algorithms for islanded



microgrids are proposed. The sequential power flow algorithms were proposed for AC-MTDC grid
with master slave control in [12] and power voltage droop control schemes in [13] and [14].
However, the sequential power flow methods in [12] and [14] involve an additional iteration step,
the so-called DC slack bus or droop bus iteration (SBI/DBI), which increases computational burden.
In [13], DC grid power flow is only implemented once at the beginning of AC-DC power flow
algorithm and is not incorporated in the overall iteration loop, leading to slightly inaccurate power
flow results. Thereby, one of the ultimate aims of this thesis is to develop an improved sequential

power flow method that is more accurate and efficient than the existing methods.

1.2 Literature Review

1.2.1 Minimization of AC-DC Grid Transmission Loss and DC Voltage Deviation

Using Adaptive Droop Control
For an interconnected AC-DC grid, it is important to reduce the grid transmission loss and the
operational costs. The transmission loss of the AC-DC grid is different from that of the
conventional AC system in which the transmission loss is usually optimized by managing the
reactive power distribution. For an AC-DC grid, the total transmission loss can be minimized by
adjusting the active power exchange through the VSC converters of the AC-DC grid. In [18] and
[19], the DC grid transmission loss is minimized, as the objective function of the optimal power
flow employing Karush—Kuhn—Tucker (KKT) condition. In [20], an evolutionary strategy called
covariance matrix adaptation (CMA) is applied to solve the optimal DC power flow and give the
DC voltage droop control strategy the necessary voltage references. However, the AC network
transmission loss and the converter loss are not considered in [18]—[20]. The nonlinearity of the
optimal power flow (OPF) model for AC-MTDC system is handled by adopting interior point
methods [21] and semidefinite programming relaxation methods [22]. In [23], the multi-objective
optimal operation of AC-MTDC grid is formulated as a corrective security-constrained optimal
power flow problem and is solved using the non-dominated sorting genetic algorithm. In [24] and
[25], two open-source OPF software for hybrid AC/DC systems are proposed, focusing on point-
to-point, radial and meshed MTDC networks respectively. In [26], two distributed approaches on
the decomposition of a hybrid AC-DC grid are proposed. In [27], an iterative solution algorithm

is proposed for the optimal AC-DC power flow with discrete control devices. As the control mode



for MTDC systems in [21]—[27] is the traditional master-slave (P-V) control, the optimal power
flow for AC-MTDC grids is realized by adjusting the active and reactive powers of the generators

as well as transformer tapping.

DC power voltage droop control is used for the DC grid which can enhance the reliability of the
DC grid since multiple VSCs simultaneously contribute to DC voltage regulation. Moreover,
adaptive droop control scheme shows superior maneuverability and flexibility compared to the
master-slave control. The optimal AC-DC power flow is realized by the adaptive droop control
scheme where only the power references are the control variables. In this approach, the
transmission loss of the AC-DC grid can be optimized by adjusting the active power exchange
between the AC and DC grids. In addition, the proposed adaptive droop control method is different
from the conventional adaptive droop control method in [28] and [29], where the droop
slopes/coefficients are adjusted to realize desirable power sharing. It is noted that adapting the
droop slopes/coefficients may influence the stability of the MTDC system. On the other hand, the
proposed adaptive droop control method only updates the active power references of the droop
controlled converters. Therefore, the adaptive droop control method can realize the optimization

targets without the negative impact on the stability of the AC-DC grid.

In case of the changing system operating conditions in the DC grid, such as converter outage or
DC active power fluctuation, smaller DC voltage variation can bring less impact to the operations
of the AC-DC grid. In [30] and [31], an optimization algorithm is developed taking DC voltage
deviation and desirable power sharing into consideration. In [32], a two-stage solution approach
for solving the problem of multi-objective optimal power flow is proposed for AC-MTDC systems
coordinating the economy, voltage deviation and environmental benefits. However, the
transmission loss of the AC-MTDC system is not taking into account in [30]—[32]. Additionally,
it will be desirable to consider the two optimization objectives, i.e., the minimized AC-DC grid

total transmission loss and the DC voltage variation simultaneously.

1.2.2 DC Voltage Control and Power Sharing of the MTDC system
In the MTDC grid, the VSC stations use one of the three main control schemes: constant power
mode, constant DC voltage mode, and the droop control mode. In the constant DC voltage control
mode, when a converter outage occurs in the voltage control station (i.e. the DC slack bus), the

stability of the MTDC grid is deteriorated significantly [8]. In this case, the droop control scheme



seems more reliable than the constant DC voltage control mode since the droop-controlled buses

share the function of the DC slack bus, greatly alleviating the impact of converter outage [8], [33].

The droop control mode is also employed to share the power demand among the stations, by
modifying the output DC voltage with respect to the output DC current or power of the station. In
order to eliminate the circulating currents and share the power demand, variants of droop control

[28], [34], [35] and the virtual output impedance scheme [36] were proposed.

The use of only local voltage in the feedback loop cannot yield a unique solution for power flow
of the MTDC grid [28]. To tackle the challenge, a common signal feedback scheme was introduced
by communicating a common voltage to entire stations. The average DC voltage is usually
employed as the common feedback signal for MTDC grid. In [31], a common voltage feedback
signal is used to remove the voltage dependence of the power sharing after an outage. In [35], a
pilot voltage droop was introduced and the methodology for designing the droop gains was
proposed. In [28], an adaptive droop gain was used to avoid post-contingency saturation of the

VSCs by sharing the power mismatch based on the available headroom of a converter.

However, all variants of droop controls result in the deviation of the voltage from the nominal
value in the steady state. Although a smaller droop gain yields less deviation, the stability of
MTDC grid may deteriorate [31], [37]. In this regard, an important research objective is to mitigate
the DC voltage deviation [37]. For the MTDC grid integrating the offshore wind farms with
relatively high power rating and long transmission distance, the DC voltages of the stations may
be significantly different from each other [14], [34]. Establishing a stable DC voltage controller is
critically important for balancing the power exchange among the converter stations. A large
voltage deviation in a droop-controlled MTDC grid can also have an undesirable impact on the

voltage controller of the AC-side system [38].

On the other hand, the system operators need to regulate the average voltage of the DC buses,
especially for an MTDC grid with large power flow and long transmission distance [13], [39].
When the droop control strategy is adopted, it is important to maintain the average DC voltage of
the VSC stations constant [17]. In analogy to frequency in the AC system, the DC average voltage
acts as the common feedback of the DC system and represents the overall DC voltage level [28],
[39]. Controlling the DC average voltage to the reference value can effectively avoid the DC

voltages approaching their limits, which can improve the operating condition especially after the
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contingencies. If the voltages exceed their upper limit after transients, it may activate protective
equipment, e.g., dump resistors. Similarly, large voltage drop may generate challenges for the
control systems and restrict the capability of voltage controller of the AC system [37]. Therefore,
in a droop-controlled MTDC grid, voltage deviations from the reference value should be mitigated

while the average voltage needs to be regulated.

Another challenge operating the MTDC grid is to automatically share the power demands among
the converter stations after transients, in order to minimize the influence on the adjoining AC
system. In [31], the droop coefficients are adapted to achieve proportional power sharing after
converter outage. However, the average DC voltage is not regulated in [28] and [31]. Moreover,

varying the droop coefficients may influence small signal stability of the system [40], [41].

The secondary controller can have either a centralized or a distributed architecture. In a centralized
controller, the failure of the communication network or the control center can reduce the reliability
of the MTDC grid and may cause instability [42]—[44]. In contrast, a distributed controller
eliminates the dependency of the MTDC grid on the control center.

1.2.3 DC Line Power Flow Control
The DC line power flow control is identified as an active research area [45]-[56]. The state-of-
the-art DC line power flow control approaches are based on power converter hardware equipment.
Three types of DC line power flow control devices have been proposed, i.e. the variable series
resistors [45], [47], the DC-DC converters [46], [48]-[50] and the series voltage sources [51]-
[56]. In the first method, series variable resistors are inserted in an HVDC grid to change the
resistances of the DC lines directly. The main disadvantage of this method is the high power losses
due to the inserted resistors [45]. In the second method, a DC-DC converter is utilized to change
the DC voltage at one end of a DC line. However, a DC-DC converter needs to withstand the high
DC voltage rating, resulting in high capital cost [46], [48]. In the last method, an equivalent voltage
source with several different topologies is inserted into a DC line. This method has less power loss
and lower voltage rating compared to the other two methods [45], [51]-[56]. However, it still
needs additional power electronic devices installed in the HVDC grid, which causes extra costs

and power losses.



In this thesis, a new DC line power flow control method is proposed based on analytical models
[34], [57] of an HVDC grid, from which the DC line voltage difference is derived for the
configuration of the voltage references in the adaptive droop controls [28], [58]. In [34], an
analytical expression for accurate estimation of power distribution in an HVDC grid is proposed.
It can evaluate the impact of DC line voltage drops on the power distribution of MTDC grids after
contingencies. In [57], an analytical model is proposed to estimate the DC voltage variations,
power distributions, and power losses under converter outage and overloading conditions based
on the bisection algorithm and superposition principle. However, the analytical models in [34] and
[57] didn’t discuss the scenario of HVDC grid topology change, i.e., disconnecting or adding DC
lines. This thesis proposes an improved analytical model to estimate the system performance
involving grid topology change. Adaptive droop control methods are widely used for power-
sharing control [28], [59], [60], limiting DC voltage deviation [61], and minimizing system
transmission loss in the HVDC grid [19]. However, the adaptive droop control methods were not

applied to DC line power flow regulation applications.

1.3 Research Objectives and Anticipated Impact

Based on the motivation represented in Subsection 1.1, the objectives of the thesis are discussed

as the following.

Objective 1: Propose improved sequential power flow algorithms for modular multilevel
converters (MMCs) based AC-MTDC grid under DC power-voltage droop control. An
optimization algorithm is then developed to minimize the total loss of the AC-DC grid and the

overall DC voltage deviation after the change of operating conditions.

Objective 2: Propose a new method to regulate DC line power flow based on the adaptive DC
voltage droop control strategy in which the voltage references of the voltage droop controllers vary
autonomously at post-contingencies. The main advantage of the proposed method is that it can
avoid installation of extra equipment and thus the associated losses and costs in the power-

converter-based power flow control methods.

Objective 3: Propose novel autonomous control methods to regulate average DC voltage and share

the power burden proportionally, using the adaptive droop control strategy.



In the Objective 1, the improved power flow algorithms for the AC-MTDC system are developed.
To improve the calculation efficiency and to realize autonomous control without communication,
a linearized model for the MTDC system is developed from the power flow algorithms. Then, the
Objective 2 adopts the linearized model to regulate the DC line power flow of the MTDC system.
Lastly, the Objective 3 uses the power flow algorithms studied in Objective 1 and the linearized
model proposed in Objective 2 to realize hierarchical control and autonomous control respectively

for power sharing and DC voltage regulation of the MTDC system.

To sum up, the first goal of this thesis is to develop an improved sequential power flow method
that is more accurate and efficient than the existing methods. At the same time, the proposed
improved power flow method can also realize some optimization targets, such as minimization of
transmission loss and DC voltage deviation. The second goal of this thesis is to develop an
autonomous line flow control method without using of additional power electronics devices. The
last goal of this thesis is to propose an autonomous control strategy to realize average DC voltage

regulation and power sharing simultaneously.



2 Minimization of AC-DC Grid Transmission Loss and DC
Voltage Deviation Using Adaptive Droop Control and
Improved AC-DC Power Flow Algorithm

Nomenclature
Abbreviations
MTDC Multi-terminal high-voltage DC
VSC Voltage-source converter
HVDC High voltage direct current
MMCs Modular multilevel converters
SBI Slack bus iteration
DBI Droop bus iteration
KKT Karush—Kuhn—-Tucker
CMA Covariance matrix adaptation
OPF Optimal power flow
PCCs Points of the common coupling

Variables, Parameters, Functions and Vectors
Pyci/Pc; DC/converter power
Converter/Complex equivalent

Ploss,i/Pcomp,i .
impedance loss

Psi+ijQs; Complex power injection at
PCC bus
Usi265;/Uc ;48 AC-/converter-bus voltage
Pyci/ P Actual/ reference DC power
VaciVaci" Actual/reference DC voltage

Droop coefficient
Gij Conductance between terminals
iand;j

Iei/lac,i Converter/DC current



albgcilCacilbaci/Caci;  Coefficients of converter loss
formula
o Actual d/q axis current of inner
alta current controller
. Reference d/q axis current of
e /lq inner current controller
L Total loss of AC-DC grid
AlD AC/DC grid’s transmission loss
fi, £y, f3 Equality constraints of optimal
AC-DC power flow
g Inequality constraints of
optimal AC-DC power flow
F Lagrange function
A Lagrange multiplier
w Weighting factor
This chapter presents improved sequential power flow methods' to minimize transmission loss and

DC voltage deviation based on adaptive droop control method. The total transmission loss includes

the AC grid transmission line loss and DC grid transmission line/cable loss.

Minimization of the total transmission loss of an interconnected AC-DC grid plays an important
role for the economic operation of the AC-DC grid. Different from the conventional AC grid where
the transmission loss is usually minimized by reactive power regulation, the transmission loss of
a meshed AC-DC grid can be optimized by adjusting the active power exchange between the AC
and DC grids. Additionally, smaller DC voltage deviation after grid disturbances is very desirable
since it can bring less impact to the operations of AC-DC grid. This section firstly presents two
improved sequential power flow algorithms for modular multilevel converters (MMCs) based AC-
DC grid under DC power-voltage droop control. An optimization algorithm is then proposed to
minimize the total loss of the AC-DC grid and the overall DC voltage deviation after the change

of operating conditions. Adaptive droop control is used in the proposed optimization algorithm in

! Yuanshi Zhang, Xuekun Meng, Amin Shotorbani, and Liwei Wang, “Minimization of AC-DC Grid Transmission
Loss and DC Voltage Deviation Using Adaptive Droop Control and Improved AC-DC Power Flow Algorithm”,
published in /IEEE Transactions on Power Systems, vol. 36, no. 1, pp. 744-756, Jan. 2021.



which the power references are control variables solved from the optimal AC-DC power flow. The
proposed algorithm is verified in an AC-DC grid consisting of a six-terminal DC grid connected

to the IEEE 39-bus AC grid and a classical five-terminal AC-MTDC system.

2.1 Preliminary Methods

In this subsection, two types of conventional sequential power flow algorithms are introduced as

preliminary methods.

2.1.1 Method I
The sequential AC-DC power flow methods for master-slave control [12] and DC voltage droop
control [14] are briefly introduced, as shown in Figure 2-1. In this algorithm, AC and DC power
flows are implemented iteratively. Firstly, the initial active power injection to the AC grid at PCCs
of DC slack bus or droop buses is estimated. For DC slack bus, its power injection is estimated to
be the negative summation of the active power injections from other buses [12], while the
estimation of power injection at PCC for DC droop buses is assumed to be the negative values of
power reference [14]. The power reference is set according to the normal operating points.
However, under unpredicted disturbances such as converter outage or wind power variation, the
actual power of droop buses may deviate greatly from the power reference. Therefore, the overall
iterations may increase due to the large deviation of initial power estimation for droop buses during

contingencies.

The AC power flow, the converter power and losses, and the DC power flow are solved
sequentially. After calculating the DC power flow, the converter power of the DC slack or droop

buses can be calculated as
Pei = Paci — Ploss,i (2.1)
where Py, Pioss,;i and P.; are DC power, converter loss and converter power respectively.

However, Py ; in (2.1) is the function of the converter current, which is yet unknown. Therefore,
an additional iteration loop, i.e., SBI or DBI, is required to calculate the P ;, as shown in Figure

2-2.

The active and reactive power injections of the converter at PCC and converter bus can be given by

[12]
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Ps; = —UZ%iGey + UgUc[ G cos(8s; — 8c;) + Besin(8s; — 611 (2.2)
Qsi = UZiBei + UsUci[Geisin(8s; — 8c;) — Bei c05(85; — 8c,)] (2.3)
Pei = U2Gey — Ug;Ug Gy cos(8s; — 8c;) — Beysin(8s; — 611 (2.4)

Qci = —UZiBei + UsiUgi[Ge i sin(8s; — 8c;) + Bej cos(8s; — 6] (2.5)

where Pg; +jQs; and P;; +jQ.; are complex power injections at PCC and converter bus
respectively; Ug;£6;;and U, ;26 ; are AC-bus voltage and converter-bus voltage respectively;

and 1/(G.; + jB.,;) is the complex equivalent impedance including converter and transformer.

The SBI/DBI is further described as a separated flow chart in Figure 2-1. Firstly, the initial

converter loss estimation Pl(oos)s is obtained from the result of AC power flow and then the initial

converter power P. is calculated from (2.1). AC-bus voltage magnitude U, and reactive power Q;
are kept unchanged in SBI/DBI. The generalized Newton-Raphson iteration form to solve the

converter-bus voltages are given as

0P, , oP.,
36, e ey . TS T
0051 U 0051 AU 4 AP, 4
a66,1 ot 0 Uc,l Uc,l AQs,l
) 0P, [|AScn | |AP.s 26)
0 d Sc,n Uc,n m AUc,n AQs,n
0 Qs,n U d Qs,n L Uc,n 4
36,  “"OU.n]

where n is the number of droop buses (n = 1 for the single DC slack bus). Note that the
computational burden of SBI/ DBI increases when there are more droop buses. In addition, the
computational cost of SBI/DBI will be further increased when multiple DC grids exist in the AC-
DC system.
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DC slack/

droop bus Inputs P
power estimation ( U,.9,
AC power flow U:ka)md ﬁf‘ﬁsing 6
Converter power )
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)
Update DC y Pios from (1)
slack/droop | [DC power flow| .” || Update
bus powers /// P, Calculate P¥

A SBI or DBI

Output P,
from (2)

Figure 2-1 Flow chart of the sequential AC-DC power flow [12], [14].
2.1.2 Method II
The power flow algorithm proposed in [13] can effectively represent and solve the load flow
problems of the AC-DC grid, as shown in Figure. 2-2, with different types of droop controls, i.e.
V-P droop, V-I droop, and droop control with dead-band. But the power flow result is slightly
inaccurate due to the use of converter DC-side power instead of AC-side active power at the PCC

in the droop equation as

Paci = P + ki(Vaci = Vaei) = 0 (2.7)

where Py ;and P; are actual DC power and power reference respectively; V. ; and V. ;™ are
actual DC voltage and voltage reference respectively. For DC nodes in droop control mode, the
droop coefficient k; in (2.7) is positive while for active power controlled nodes, k; equals zero. In

[13], DC power flow is calculated first with the generalized DC power flow equation as

N
Pyci = Vdc,i(z Gij Vac,j) (2.8)
=

where G;; indicates the total conductance between terminals i and j. The DC grid power flow can

be solved by combining (2.7) and (2.8). Then, AC grid power flow, converter loss calculation are
implemented sequentially as shown in Figure 2-2. The convergence of the overall iteration loop is

checked by the value of the active power injection at PCC.
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In the accurate formula of droop control equation [28], Py.; in (2.7) should be substituted by P; ;.

Then, the accurate form of generalized droop control equation is given by
Ps;i = P{ +ki(Vaci — Vac;") = 0 (2.9)
The relationship of Pg; and Py ; can be given by
Psi = Pqci = Plossi — Pcomp,i (2.10)
where Pyogs; and Peomp,; are converter loss and complex equivalent impedance loss respectively.

It can be seen from (2.10) that, Pjyss; and Peomp; are neglected in the DC power flow calculation
in [13]. However, Pyoss; and Peomp,; accounts for a small proportion of Pg;. Thereby, the

computational results of Method II (especially DC grid power) are slightly inaccurate.

DC grid power flow

AC grid power flow

| Converter loss calculation |

Y
@@ Calculate active power
\ at PCC Ps.ibased on DC
power and converter loss

Figure 2-2 Flow chart of the AC-DC power flow [13].

2.2 Proposed Sequential AC-DC Power Flow

In this subsection, two improved AC/DC power flow algorithms are proposed, as shown in Figures
2-3 and 2-4 respectively. The proposed algorithms eliminate SBI/DBI iterations and reduce overall
iteration numbers by using more accurate estimation power injection at PCC for DC droop buses

compared to Method 1. In addition, it is more accurate than Method II since Pyg; and Peomp,; are

included in the generalized droop control equation.
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2.2.1 Method III

2.2.1.1 Elimination of SBI/DBI
In the proposed method (Method III) shown in Figure 2-3, the SBI/DBI iteration loop in Figure 2-
1 is eliminated. According to power balance and neglecting the converter loss, the converter current

I; can be calculated by DC current I ; as

2

l.=1,.,—
C,i dc,i 3m|cos ((p)l (2.11)

where cos(¢) is the power factor; m is the RMS value of AC voltage modulation index.

The converter loss can be represented by a function of converter current as [12], [16]

Piossi = a+ bgci * Iei + Caci * Ic,iz (2.12)

where a, b, ; and ¢, ; are constant, linear, quadratic coefficients of I ; for the i converter.

After calculating DC power flow in Figure 2-3, the DC current is known. From (2.11), it can be
seen that, the converter current can be represented by the DC current. As converter loss is the
function of the converter current in (2.12), it can also be calculated using DC current by

substituting (2.11) into (2.12) as

2
Possi = a+ baci * laci + Caci * lac,i (2.13)

where a, b, ; and cy4; are constant, linear, quadratic coefficients of I, ;. bgc; and cq4; can be

derived from b, ; and ¢, ; respectively by combining (2.11)—(2.13).

Therefore, as the converter loss can be obtained from the known DC current by (2.13), the SBI/DBI

step formulated as (2.6) can be eliminated.

2.2.1.2 DC Grid Pre-calculation
In the proposed Method III, the first step is called DC grid pre-calculation, which is further
illustrated in Figure 2-3. This step is required because DC grid power flow is calculated by

combining (2.8), (2.9) and (2.10), but Pjss; and Peomp; in (2.10) is yet unknown at the beginning

and needed to be calculated. At the first overall iteration, the sum of Pjygs; and Peomp,; i estimated
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to be 1.5% of Py; for the i converter. If the active power flows from DC grid to AC grid for DC
bus i, Ps; = 0.985P;;; otherwise, Pg; = 1.015Py;. Thus, (2.9) can be rewritten as either (2.14)

or (2.15), depending on the direction of active power injection
0.985P4.; — P + ki(Vae; — Vaei”) = 0 (2.14)
1.015Pgc; = P; + ki(Vaci = Vaci) = 0 (2.15)

It is noted that the bold letters represent the phasor and the non-bold letters denote the magnitude
of the phasor. When the overall iteration number is larger than one, Pjoss; and Peomp,; are pre-
calculated from the result of AC and DC grid power flow from the last iteration. Pg;, Qs;, and Ug;
are known from the result of AC grid power flow. Then, the converter current I; can be calculated

by

_ Ps,i _st,i
Iei=—"7F— (2.16)
Sl

The complex equivalent impedance 10ss Peopp i 18 calculated by

Peomp,i = real(1/(G.,; +ch,i))|Ic,i|2 (2.17)

Thus, Pcomp,; can be calculated by (2.16) and (2.17). Pjogs; 1s obtained by (2.13); I4.; in (2.13) can

be obtained from the result of DC grid power flow.

- Loss
DC grid estimation
preca1c+ulat10n N (iteration=1)
DC grid power flow Calculate
P, loss,i? P comp,i
AC grid power flow (iteration>1)
Update PM, s
Qs’i and U, Calculate P,
A U, ,and g,
Calculate P,

Figure 2-3 Flow chart of the Method III.
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2.2.1.3 Convergence Condition

After calculating DC and AC grid power flow, the converter power P, ; is calculated by

Pc,i = Pdc,i - Ploss,i (2.18)

U, is calculated by

Uc,i = Us,i - Ic,i/(GC,i +ch,i) (2.19)

Finally, the new Pg; can be calculated by (2.2). The convergence of the overall iteration is checked

by

”[Ps,inew - Ps,i()ld]m”oo <& (2.20)

new
2

where Py and Ps,l-"ld are the values of Pg; in new and the last iterations respectively; m is the

number of DC buses connected to AC-grid; ¢ is the maximum allowable error.

2.2.2 Method IV
In this subsection, an improved AC-DC power flow algorithm, i.e., Method IV is proposed based
on Method III as shown in Figure 2-4. The main difference between Methods III and IV is the
approach to calculate Pg;, which is used as the convergence condition of the overall iteration. In
Method 1V, Pg; in the third step is calculated from the results of the DC power flow (/4. ; and
Pyc,;), using (2.10)—=(2.13) and (2.17), while in Method III, Pg; is computed based on the results of
AC grid power flow using (2.2). Therefore, AC power flow can be excluded from the overall
iteration loop in Method IV. Thus, the computational efficiency is greatly enhanced with
straightforward implementation in commercial power system simulation packages. It is noted that
Method IV involves minor approximation because the power balance equation (2.11) is used to
calculate Ps; for the convergence condition. However, this minor approximation produces
negligible calculation error, compared to Method III, as will be shown in the case studies in
Subsection 2.4. It is also noted that the calculation of the AC current in (2.11) requires the power
factor, which is estimated in the first-round DC power flow iteration and is assumed to be constant
for the subsequent AC-DC power flow calculation. Since the converter loss only accounts for
around 1% of the total converter power, P ;. the deviation of power factor is very small and will

lead to minor errors to the AC-DC power flow. Here, the estimation of the power factor is
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described. As shown in Figure 2-4, the converter loss is estimated in the first step of Method IV.
Pg; and P, ; are estimated after the DC power flow calculation in the second step in Figure 2-4.
For the converter g-axis control in the outer control loop, either the AC-side reactive power Qg ; or
the AC-side voltage U ; is controlled. If Qg ; 1s controlled, we can easily calculate the power factor,
cos (). On the other hand, if Uy ; is controlled, U, ; and (65; — 6. ;) can be solved by combining
(2.2) and (2.4). Then, I..; can be obtained by (19). Finally, the power factor can be calculated since

Pg;, Us; and I ; are all known.

- Loss
DC gnd' estimation
precalculation |. _ R (iteration=1)
[DC grid power flow| Calculate
| Update 1 e I }_)Ias.v,i’.P comp,i
y Calculate P, from (iteration>1)
thenew I, ,and P,
Y
N PM, converge@
YY
AC grid power flow
End

Figure 2-4 Flow chart of the Method IV.

2.3 Minimization of Total AC-DC Grid Transmission Loss and DC Voltage
Variation

In this subsection, an optimization algorithm is proposed based on the proposed sequential power

flow algorithms in Subsection 2.2. Two optimal targets are considered in the proposed

optimization algorithm. The optimal targets are realized by using adaptive droop control strategy

in which the active power references of the droop-controlled MMCs are adjusted adaptively.

2.3.1 Hierarchical Control Scheme
The overall hierarchical control structure is shown in Figure 2-5. In the secondary control layer,
the steady state measurement and the contingency information are collected. After solving the AC-
DC grid optimal power flow algorithm, the targeted state variables are known. Then, the power

references P*of the MMCs in droop control mode are set to be adaptive based on the results of
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optimal power flow. Thereafter, the adaptive power P* are transmitted to the droop controlled

MMCs in the primary layer via communication system.

In the primary control layer, the dg-axis current control is employed. Thus, we can control the P
and Q of each MMC station independently. For d-axis, the control objectives can be either P
(Switch 1 in Figure 2-5) or DC voltage droop (Switch 2 in Figure 2-5), while either Q (Switch 3
in Figure 2-5) or AC voltage magnitude (Switch 4 in Figure 2-5) is controlled for the g-axis. It is
noted that only power reference P;" is adaptive and the droop coefficient k; is kept constant to void

any impact on the stability of the AC-DC grid.

Steady-state
measurement

’ \

Contingencies

control

1
|
I
[ Optimal AC-DC power flow | Secondary
I

Figure 2-5 The hierarchical control structure.

2.3.2 Minimization of Total Loss of AC-DC Grid
Adjusting the active power transmitted to the AC grid from the droop controlled DC buses is an
important measure to change the power flow distribution of the AC-DC grid. The mathematical

model of the optimization problem to minimize the total loss of AC-DC grid is formulated as
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min L(ss' Us, Ve ) = A(Ss: Us) + D(Vdc)
s.t. fy (85: Us, vdc) =P (vdc) - Ps(ss' Us) =0
f2(Vac) = Ps(Vge) —P* =0 (2.21)

f3(8,,Ug) =0
\ g(8,, U, Vyo) < 0
where 85 = (851, 852, =+, 8sn)T and Ug = (Ugy, Uy, -+, Ug )T represent the AC node phase
angle and voltage vectors respectively; Vaec = (Vac1, Vacz **» Vaen)? is the DC voltage vector;
A(8,Ug) and D(Vy,) are the transmission losses of the AC and DC grids respectively; C(Vgc)
stands for the converter loss and complex equivalent impedance loss; L(8, Ug, Vg4, ) is the total
loss of the interconnected AC-DC system; f; (8, Ug, Vy.) is the function for the PCC nodes and
imposes both DC power flow equation Pg(Vg.) and AC power flow equation Pg(8, Uy); f2(Vge)
includes both DC nodes in active power control mode and DC nodes without connecting to AC
grid; f3(8,, Ug) represents the function for AC nodes that are not connected to DC grid;
g(8, Ug, Vyc) stands for all the inequality constraints including DC cable capacity constraints,

convert limits and DC voltage limits.

The transmission losses of AC and DC grid are given by

A(SSJ Us) - Z USl Z I.j Cos (6s,i - 6s,j) (2.22)
j=i+1

A(Ss: Us) - z USl z Gij Cos (6s,i - 6s,j) (2.23)
j=i+1

If the DC grid has ground admittance, (2.23) is expressed as
D(Vdc) - Z z Gl] (VdCl Vdc1)2 + Z Gu VdCL (2.24)
i=1j=i+1

where G;; indicates the total conductance between terminals i and j ; and G;; represents the sum of

all conductance connected between terminal i and the ground.

The Lagrange function of (2.21) can be written as
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F(Ss' Us: Vdc) = A(Ss: Us) + D(Vdc) + )‘-'{fl (85' Us' Vdc) + erfz (vdc)

(2.25)
+ xg f3 (SSJ Us) + )‘Ig(ss' US' Vdc)

Now let A = [Aq; Az; A3; Ag].f(8s, U, Vyo) = [£1(8s, Ug, Vao); £2(Vae); f3(8s, Us); 8(8s, Ug, Vao)1;

and x stand for all the AC-grid state variables 8¢ and Ug. Then, (25) can be rewritten as
F(x,Vac) = A(X) + D (Vo) + ATE(x, V) (2.26)
The formulation of the KKT condition can be given by

(0F(x,Vao) _ 9AX) T Of(x, Vac) _ 0
ox ox ox
0F(x,Vac)  0(D(Vge)) | . 9F(x,Vae) 0
0Vge  0Vge 0Vae
fl(ss' Us'Vdc) =0
f,(Vgo) = 0 (2.27)
f3(851 Us) =0
)‘Ig(ss' Us'Vdc) =0
g(ss' Uerdc) <0
\ Al=0

Based on the first equation in (2.27), one can get the expression of AT as

( OF(x,Vye) _ dA(X) LT of (x, Vyc) —o
0x 0x 0x
aF(X, Vdc) _ a(D (vdc)) + AT af(X, vdc) -0
anC avdc avdc
) f1(85,Us, Vgc) = 0
f,(Vao) = 0 (2.28)
f3(851 Us) =0
Alg(sw USJ vdc) =0

g(ss' Us: Vdc) <0

\ AL =0

Substituting (2.28) into the second equation in (2.27), one can get

d(D (Vo))  0AX) (af (x, Vdc))_1 of(x, Vqo) 0
Vg, ox ox oVye

(2.29)

Simplifying (2.29) gives the following equation
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0(DWVa)) _9ACO _
WV W = (2.30)

The AC-DC grid transmission loss can be minimized by adjusting the active power exchange at
the PCCs between AC and DC grids. According to (2.8), the DC node active power is the function
of the DC node voltages. Therefore, it is observed from (2.30) that the condition of minimization
of the total loss of AC-DC system can be viewed as the equal DC voltage sensitivity rule. To be
more specific, when the total grid transmission loss is minimized, the incremental transmission
loss of AC grid should be equal to that of the DC grid together with converter loss. After solving
the optimal power flow, all the state variables, i.e., 85, Ug and V. are known. Then, the adaptive

active power references can be solved.

2.3.3 Minimization of DC Voltage Deviation
The optimal objective function is established to minimize the RMS value of total steady-state DC

voltage deviation before and after the change of system operating conditions as

dc,i dc,i

n
0bj = min z(vl"’“ _VPTeY2 (2.31)
i=1

where V; Cof " is the DC voltage of bus i after change of system operating condition and V; Cr'ie is the

voltage before the change. To minimize the DC voltage deviation with KKT condition, the first
equation in (2.21) should be substituted by (2.31) while the equality and inequality constraints in
(2.21) are the same.

2.3.4 Linear Scalarization
Linear scalarization method is widely used to translate the multi-objective nature of a problem into
a standard, single-objective problem. Based on linear scalarization method, we can obtain the

single-objective problem as

obj = w * min(Pyegs) + (1 = w) * min Vyariation) (2.32)
where w is the weighting factor; Pj,¢ is the per-unit value of the AC-DC grid total loss; and
Viariation 18 the per-unit value of the DC voltage variation. It is noted that the weighting factor w
is selected by the system operator based on specific AC-DC grid and its configurations, system

operating conditions, contingencies, preferred optimization target towards system loss or voltage
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derivation. The increase of w leads to reduced total loss but increased DC voltage variation and
vice versa. By selecting appropriate value of w, it is desirable that both of the total loss and voltage
variation should be less than those under the fixed droop control. The method to obtain the

desirable value range of w will be further shown in the case study.

2.3.5 Degree of Freedom
The degree of freedom is the total number of variables subtracted from the number of equality
constraints and the equations leading to optimal condition in the proposed optimal AC-DC power
flow algorithm. In order to enable an optimal solution of the AC-DC grid power flow problem, the
degree of freedom must be greater than or equal to zero. According to (2.8), the DC node active
power injection Py ; is the function of the DC voltage Vj ;. In the conventional fixed-parameter
droop control strategy, there is only one variable V. in (2.9). Therefore, the degree of freedom is
zero for the conventional AC-DC power flow. But in adaptive droop control method, given the
power reference P;" to be adjustable, there exist two variables, i.e., Vy.; and P; for every DC nodal
equation. In addition, for minimizing the total AC-DC grid transmission loss, one equation is
derived from KKT condition for every adaptive-droop-controlled converter node, which leads to
N numbers of equations for optimal condition for the MTDC system with N adaptive-droop-

controlled converters. Therefore, the total degree of freedom is 2N — N — N = 0.

2.4 Case Studies

An interconnected AC-DC grid is used as the test system in this subsection to verify the proposed
sequential power flow methods and the optimization algorithm in Cases A-D. The AC-DC grid
consists of an /EEE New England 39-bus AC grid integrated with a six-terminal MTDC grid in
which five terminals are equipped with MMCs, as shown in Figure 2-6. In Figure 2-6, the DC
nodes 1, 2, 4, 5, and 6 are connected to the AC grid through five MMC stations and the
corresponding AC nodes 9, 18, 24, 14, and 36. The DC node 3 does not have an MMC station
connecting to the AC grid.

In the base case, the MTDC system is operated in the conventional master-slave control mode. The
MMC station connected to DC node 1 is operated in DC voltage control mode while the other four
MMC stations are in active power control mode. The MTDC grid parameters and transmission
line resistances are given in Tables 2.1 and 2, respectively. The per-unit converter loss coefficients

for the DC current are listed in Table 2.3. The MMCs 4 and 5 are with full-bridge sub-modules,
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while the other MMCs are with half-bridge sub-modules. The active power flowing from DC to
AC is defined as the positive direction. The sequential AC-DC power flow together with the KKT
condition are implemented in Matlab 2014b. The case studies are executed on a PC with 2.3 GHz

Intel core 15-6300HQ and 8 GB RAM under Microsoft Windows 10 operating system.

MMC 3E

DC4

Figure 2-6 Configuration of AC-MTDC network with MMC stations.

Table 2.1 MTDC Grid Parameter For Base Case (in P.U.).

Control Mode Complex
DC Node p 0 of the Equivalent
No. $ $ Connected Impedance
MMC
1 — - Slack-V 0.0009 + 0.2j
2 2 0.25 P-Q 0.0009 + 0.2j
3 — — — —
4 0.8 - P-Us 0.0009 + 0.2j
5 3.5 0.9 P-Q 0.0012 + 0.2j
6 -3.5 -1 P-Q 0.0012 + 0.2j

23



24.1

D.C 1-2 13| 15|26 34| 3-6| 5-6

Line
R 00]100(00]00|001]00]0.0
1 1 19 16 1 16 | 04

Table 2.3 Converter Loss Coefficients (in P.U.)

DC Line Agc de Cdc
Half- 40 | 04
bridge 88 | 00 | 73 _
Full- | 00 | 67 | 09 <1V
bridge 00 | 56

Case A: Static Power Flow Results

Table 2.2 DC Transmission Line Parameter For Base Case (in P.U.)

In this case, the proposed Methods III and IV are compared with the AC-DC power flow

approaches in [12] (Method I) and [13] (Method II) under static operation condition. The results

of Method I are used as the reference.

2.4.1.1 Base Case

The power flow results under master-slave control (base case) in Table 2.1 are shown in Table 2.4.

Only DC-grid power Py, is selected to be shown for brevity. From Table 2.4, it can be seen that

there is some difference between the results of Methods I and II. However, the results of the

proposed Method I1I are exactly the same as Method I; and the results of the proposed Method IV

are very similar to Method I with minor errors. The computational times of the Methods III and I

are 0.4221s and 0.4733s respectively. This is because the proposed Method III eliminates the SBI

step, thus reduce the total computation burden by about 10%.

Table 2.4 Calculation Results of Base Case (in P.U.)

DC Node No. Method I Method 11 Method 111 Method IV
1 —2.999 —2.971 —2.999 —2.999
2 2.023 2.000 2.023 2.023
3 0 0 0 0
4 0.813 0.800 0.813 0.813
5 3.565 3.500 3.565 3.563
6 —3.443 —3.500 —3.443 —3.441
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2.4.1.2 Droop Control Mode

Now the control strategy of the MTDC system in Figure 2-6 is switched from master-slave control
in base case to droop control. MMCs 2 and 4 are operated in active power control mode while all
the other three MMC stations are in droop control mode. The power reference ( P;") of the droop
controlled MMC:s is obtained from the power flow results of the base case, as shown in Table 2.5.
The droop coefficients for the droop controlled MMC:s are all set to be 50. The power flow results
of the four methods are shown in Table 2.6. From Table 2.6, it can be observed that the results of
the proposed Methods III and IV are accurate while the results of Method II have notable
differences with the result of Method I.

Table 2.5 Power Reference of the Droop Controlled MMCs (in P.U.)

MMC No. 1 2 3 4 5
P —3.00 2.00 0.80 3.50 —3.50

Table 2.6 Calculation Results for MTDC Grid under Droop Control (in P.U.)

DCNIj)f’de Method I Method II Method I1I Method IV
1 —3.462 —3.502 —3.462 —3.462
2 2.023 2.000 2.023 2.023
3 0 0 0 0
4 0.813 0.800 0.813 0.812
5 4.154 4.077 4.154 4.153
6 —3.634 ~3.696 —3.634 —3.633

Moreover, the computation times of Methods III and I are 0.5221s and 0.6133s respectively. By
eliminating the DBI step, the total computational burden is reduced by about 21%. Compared with
the base case, eliminating DBI can save more percentage of computational burden than that of
eliminating SBI. This is because as the number of droop nodes increases, the DBI iterative solution
becomes more complicated and gives rise to additional computational load to the power flow
algorithm. The proposed method is particularly advantageous when there are more droop

controlled nodes in the DC grids.
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2.4.2 Case B: Power Flow Results after the Contingencies
In Case B, sequential power flow results are compared using two contingencies, i.e. power

variation and converter outage. The results of Method I are also used as the reference.

2.4.2.1 Power Variation

The active power at the PCC of DC node 2 is decreased from 2 p.u. to 1 p.u.. The results of Methods
I, Il and I'V are shown in Table 2.7. It is noted that the results of Method III are not shown in Table
2.7 they are identical to Method I.

The overall iterations of the Methods III and I are 4 and 6 respectively. This is because power
variation gives rise to large deviation of initial droop bus power estimation when AC grid is
calculated first. Thus, Method I needs more iterations to converge compared to the proposed

Method I1I.

From Table 2.7, it is observed that the results of Method II are different from those of Method I,
while the results of Methods I and IV are nearly identical. The computational times of Methods I,
IT and IV are 0.7013s, 0.5965s and 0.4536s respectively, which shows that the proposed Method
IV is both accurate and efficient. It is noted that the system operator may need to conduct numerous
times of power flows for planning and control purpose. Thus, it is significant to improve the

computational efficiency by the improved power flow algorithms.

Table 2.7 Calculation Results after Power Variation (in P.U.)

DCNIif’de Method I Method II Method IV
1 —3.067 —3.101 —3.067
2 1.014 1 1.014
3 0 0 0
4 0.813 0.800 0.813
5 4.455 4370 4.454
6 —3313 23.368 3312

2.4.2.2 Converter Outage

After MMC-2 is forced into outage, results of Methods I, I and IV are shown in Table 2.7. Now,
the overall iterations of Method I increase to 7 while the proposed Method II is still 4. From Table
2.8, we can also see that Method IV is much more accurate than Method II. The computational

times of Methods I, II and IV are 0.7924s, 0.6142s and 0.4577s respectively. Compared to Case
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B.1), it can be seen that the overall iterations and computational time of Method I increase for large

disturbance case, while the computational time for the proposed Method IV is nearly unchanged.

In order to illustrate the advantage of the proposed Method IV over the existing methods, the
comparisons of accuracy and computational times of Case B are summarized in Tables 2.9 and 10,
respectively. The results of Method I are used as the reference for accuracy comparison. It is
observed from Table 2.9 that the results of Method II are inaccurate as Pjygs; and Peomp; are
neglected in the DC power flow. On the other hand, the results of the proposed Method IV are
very close to the reference solutions with the small errors due to the assumption of AC and DC
power balance in (11). From Table 2.10, it can be seen that, the computational times of the
proposed Method IV are smaller than Methods I and II as the DBI iteration step is eliminated and
only DC grid power flow is iterated instead of AC grid power flow in Method IV.

Table 2.8 Calculation Results after Converter Outage (in P.U.)

DCNIif’de Method I | Method II | Method IV
1 —2.675 —2.705 —2.676
2 0 0 0
3 0 0 0
4 0.813 0.800 0.813
5 4.755 4.662 4752
6 —2.995 —3.044 —2.994

Table 2.9 Comparison of Power Flow Accuracy

DC Node Method II Method IV
No. Po'Wf.:r Converter qu§r Converter

Variation Outage Variation Outage

1 1.11% 1.12% 0 0

2 1.4% - 0 —

3 — — - —

4 1.63% 1.63% 0 0

5 1.91% 1.96% 0.02% 0.06%

6 1.66% 1.63% 0.03% 0.03%
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Table 2.10 Comparison of Computational Times

Computational | /o 04 Method II Method IV
Time
Power 0.7013s 0.5965s 0.4536s
Variation
Converter
0.7924s 0.6142s 0.4577s
Outage

2.4.3 Case C: Minimization of AC-DC Grid Total Loss
In this case, the active power at the PCC of the DC node 2 is increased from 2 p.u. to 3 p.u.. With
the loss minimization algorithm proposed in Subsection 2.3.2 (without minimizing the DC voltage
variation), the AC-DC grid total loss is minimized to be 0.585 p.u., as shown in Figure 2-7. The

computational time of Case C is 4.2237s.

1 | — With optimization

? 09} * ‘Without optimization
g I
@ 0.8F
o) - .
= 07 s -
g e

0.6
: 40.585

0.5

° 20 40 60 80 100
Sample Number

Figure 2-7 Comparison of total losses with and without optimization algorithm.

In Figure 2-7, the black dots represent the AC-DC grid total losses for 100 samples with random
values of the power reference P* used for the three droop controlled MMC stations. It is shown in
Figure 2-7 that, without the optimization algorithm, the AC-DC grid total losses are always greater

than the total loss obtained using the minimization algorithm shown by the red line.

2.4.4 Case D: Minimization of DC Voltage Variation
In Case D, similar to Case C, the active power injection at PCC of the DC node 2 is increased from
2 p.u. to 3 p.u.. Meanwhile, applying the optimization algorithm minimizing voltage variation as
proposed in Subsection 2.3.3 (without minimizing the AC-DC total loss), the DC nodes voltage

variation (2.31) is minimized to 0.0025 p.u., as shown in Figure 2-8. The computational time of

Case D is 3.9144s.
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Figure 2-8 Comparison of DC voltage variations with and without optimization algorithm.

The black dots shown in Figure 2-8 represent the DC voltage variations of 100 samples using
random values of the P* for the three droop-control converters. It is observed in Figure 2-8 that,
without using the optimization algorithm, the total DC voltage variations are always larger than

the optimal value represented by the red line when the optimization algorithm is used.

245 Case E: Minimization of DC Voltage Variation and AC-DC Grid

Transmission Loss
Similar to the previous two cases, the active power injection of the DC node 2 is increased from 2
p-u. to 3 p.u.. The two optimization objectives given in Subsection 2.3, i.e., minimization of AC-
DC grid total loss and DC node voltage deviation, are considered simultaneously using linear
scalarization in Subsection 2.3.4. By selecting the weighting factor w to be 0.5, the total
transmission loss of the AC-DC grid is minimized to be 0.642 p.u. and the DC voltage variation
(2.31) to be 0.0124 p.u.. Compared to the previous two cases, which have only one optimization
target, the optimal DC voltage variation and total transmission loss in Case E are achieved
simultaneously but with compromised objective function values. Therefore, Cases C, D and E

verify the effectiveness of the proposed optimization algorithm.

2.4.6 Case F: Dynamic Simulation
In this case, a five-terminal MTDC system [34], [42] is implemented using
Matlab/Simulink/SimScape Toolbox for EMT-type solutions to verify the proposed adaptive
droop control strategy and the optimal power flow algorithms. The MMCs are represented using
average value models [62] with the detailed outer power and inner current control loops. As the
EMT solver in Matlab/Simulink/SimScape Toolbox represents system components with detailed
models and a small simulation time step (20 ps), the AC grid is simplified to AC Thevenin

equivalent circuits to accelerate the EMT simulation. DC transmission line parameters are given
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in Table 2.11. The control modes, rated powers, droop coefficients and power references of MMC

stations are given in Table 2.12. The nominal voltage and power of the MTDC system are 400 kV

and 600 MW respectively. The MMC-5 is forced outage at t = 0s. Considering the computational

delay, the adaptive droop control strategy is activated at t = 0.5s.

Figure 2-9 Five-terminal MTDC system.
Table 2.11 DC Line Parameters

Parameter R(Q/km)  L(mH/km) C(uF/km)

Value 0.20 0.15 0.27

Table 2.12 Parameters of MMC Stations

MMC Number ! 2 3 4 5
Control Modes AdaptiveDroop ~ AdaptiveDroop P AdaptiveDroop P
Rated Powers
650 650 700 650 750
(MW)
Droop
Coefficients k;
Power Reference
—400 —-500 550 —600 500

(MW)
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2.4.6.1 Minimization of MTDC System Loss
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Figure 2-3 DC powers and DC grid loss.
(a) DC powers; (b) MTDC system loss.

In this case, minimization of MTDC system loss is set to be the optimal objective. Figure 2-10
illustrate the DC powers and MTDC loss before and after the adaptive droop control is activated.
It is seen in Figure 2-10 (a) that the converter powers are within their rated power limits. It is also
observed in Figure 2-10 (b) that the DC transmission loss is minimized from 0.0150 p. u. under

fixed droop control to 0.0133 p.u. under adaptive droop control, leading to a loss reduction by

11.3%.

In addition, the influence of MMC control modes on the result of optimal power flow is analyzed
by setting three different scenarios. The MMC control modes in Table 2.12 are defined as Scenario
I. Scenario II is obtained by changing the control mode of MMC-2 to active power control mode.
If both MMCs-2 and 4 are switched to active power control mode, we can get Scenario III. The
results of optimal power flow under different scenarios are shown in Table 2.13. It is observed in
Table 2.13 that the increased number of adaptive droop controlled MMCs leads to more
optimization decision variables and better optimization results, although the computational time

of the optimization algorithm will slightly increase.
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Table 2.13 Optimal Results of Different Scenarios

Scenario 1 Scenario 11 Scenario 11

System Loss 0.0133 p.u. 0.0143 p.u 0.0146 p.u.

Calculation Time 0.172s 0.146s 0.113s

2.4.6.2 Minimization of DC Voltage Variation

Applying the optimization algorithm to minimize DC voltage variation, the DC powers and DC
voltage variations following MMC-5 outage are shown in Figures 2-11 (a) and (b) respectively. It
can be seen from Figure 2-11 that the DC voltage variation is greatly reduced (from 0.022 p.u. to

0.011 p.u.) by the proposed adaptive droop control strategy.

o3[ ' Adaptive droop —Vi]| |
= r ! control js activated i 21 Bl
) 1.02 [ //\' — ] ]
%101 [/ \ 7
k| g NS S—A]
S ® ]
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8 § ]
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0.5 1 1.5
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Figure 2-4 DC voltages and voltage variation.
(a) DC voltages; (b) DC voltage variation.

2.4.6.3 Minimization of MTDC System Loss and Voltage Variation

In this subsection, minimization of MTDC system loss and voltage deviation are considered
simultaneously using linear scalarization. The relationships of MTDC system loss and DC voltage
variation with respect to w are shown in Figures 2-12 (a) and (b). When w increases from zero to
one in Figure 2-12 (a), the MTDC system loss initially decreases slowly, then reduces sharply and

finally remains nearly unchanged. By contrast, Figure 2-12 (b) depicts the opposite tendency of
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DC voltage variation. The red lines in Figures 2-12 (a) and (b) represent the MTDC system loss
and DC voltage variation under fixed droop control, respectively. Since the proposed optimal
power flow is based on adaptive droop control, the selection of w is made such that the values of
both optimal objectives (system loss and DC voltage deviation) under adaptive droop control
strategy is smaller than those under fixed droop control. Thus, the desired value range of w can be

obtained as
0.07<w<0.72 (2.33)

It is noted that noted that in a specific AC-DC grid, the system operators may define some certain
ranges of maximum transmission loss and DC voltage deviation based on system operating
conditions. Thus, the desired values of w in (2.33) should be selected accordingly based on the

requirements of the two optimal targets.
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Figure 2-5 The relationships of MTDC system loss and DC voltage variation with respect to w

(a) MTDC system loss; (b) DC voltage variation.

2.5 Summary

This chapter proposes two improved sequential AC-DC power flow algorithms. The second
proposed algorithm is based on the first one with higher efficiency and negligible errors. Compared
to the conventional sequential power flow methods, it is shown in the results of Case B that the
proposed algorithms have much less computational burden (Table 2.10) than the existing

approaches while maintaining their calculation accuracy (Table 2.9) under two types of system
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contingencies in the interconnected AC-DC grid consisting of an /EEE New England 39-bus AC
grid integrated with a six-terminal MTDC grid.

Additionally, based on the proposed AC-DC power flow methods, an optimization algorithm to
minimize the total loss of the AC-DC grid or the DC voltage deviation after the change of operating
conditions is proposed. The adaptive droop control strategy is used to achieve the optimization
targets by dynamically adjusting the active power references of the droop-controlled MMC
stations. The two optimal targets can also be realized together with compromise by employing the
linear scalarization method. The results of static and dynamic simulation studies verify the validity
and feasibility of the proposed adaptive droop control based optimal power flow method. The static
simulations show that two optimal targets, achieved by the proposed adaptive droop control
strategy, are smaller than 100 random samples. The dynamic simulations demonstrate that the
proposed optimization method can reduce 11.3% of system loss and 50% DC voltage deviation
compared with the fixed droop control. The proposed OPF algorithm is based on the adaptive
droop control scheme in which the OPF decision variables are the power references of the droop
controlled converters. Therefore, the adaptive droop control method can realize the optimization
targets without the negative impact on the stability of the AC-DC grid. The proposed improved
power flow algorithms for AC-DC sequential power flow approach can also be applied to the
unified power flow approach as well as the microgrid. In addition, power sharing accuracy and
minimization of operation cost can also be realized by the adaptive droop control method, which

we will pursue as the future work.
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3 Autonomous DC Line Power Flow Regulation Using

Adaptive Droop Control in HYDC Grid

In Section 2, improved AC-DC power flow algorithms were proposed. A linearized model can be
developed from the power flow algorithms to improve the calculation efficiency. Based on the
linearized model, this chapter proposes a new DC line power flow regulation strategy? based on
adaptive droop control for an HVDC grid under various contingencies. The proposed DC line
power flow control method does not require any new installation of power converter equipment in
an HVDC grid and thus greatly reduces the capital costs and power losses compared to the existing
methods. The DC line power regulation is achieved by autonomously adjusting voltage references

of the adaptive droop controlled VSCs.

3.1 Analytical Modeling of VSC-HVDC Grid

In this subsection, analytical modeling of a VSC-HVDC grid in steady-state operating condition
is introduced under DC voltage droop control scheme. The converter DC power, DC line voltage,
and DC line power are formulated based on HVDC grid configuration to facilitate the derivation

of the proposed DC line power flow regulation method.

The generalized DC voltage droop control is represented as:

Pei— Pei +R(Vi— V) =0 (3.1
where P.; and P.;" are the actual and reference values of the power injection to the AC grid from
the it" VSC, respectively; V; and V;* are the actual and reference values of the DC pole-to-pole

voltage, respectively; R; is the droop coefficient of the i*" VSC, which is defined by

Ri = Prki/Vr (32)
where P” and V" are the rated power and rated DC voltage respectively; k;is the droop coefficient
in per unit. It is noted that k; is positive for a VSC in droop control mode and k; = 0 for a VSC in

active power control mode.

2 Yuanshi Zhang, Liwei Wang, and Wei Li, “Autonomous DC Line Power Flow Regulation Using Adaptive Droop
Control in HVDC Grid,” published in IEEE Transactions on Power Delivery, doi: 10.1109/TPWRD.2020.3044978.
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The relationship between power injections of the AC and HVDC grids through the i** VSC station

can be given by

Pc,i = PDC,L‘ + Ploss,i (3.3)

where Py, ; 1s the converter loss; Pp¢ ; is the active power injection to the DC grid.

Given a symmetrical monopolar HVDC grid, Pp¢; can be computed by

N
Poci = Vi) gy W) (3.4)
=

where N stands for the total number of DC nodes; g;; is self- or mutual-conductance of negative

and positive poles between node i and node ;.

The vector form of (3.4) can be written as

Ppc = V®(GV) (3.5)
where Ppc = [Ppcilnx1>, V= [ Vilnx1 and G = [g;;]yxn- The symbol ® is an entry-wise matrix

multiplication operator, also known as Hadamard product operator [34].

The active power flowing from DC nodes i to j, i.e., DC line power P j is calculated by

Pox = Vi( Vi = V;)/R; (3.6)

where R;; is the resistance of DC line between nodes i and ;.

It is assumed that there are M DC lines and N DC nodes in the HVDC grid. The M X N matrix T

is defined as incidence matrix [57]. An element of T, i.e. T;;

ij» takes the value of —1,0 or 1. T;; =

—1 or 1 means the defined line current of the i line enters or leaves the node j, while T; =0

means the i line is not connected to the node j. Thus, DC line voltage vector U, is given by

U, =TV (3.7
If the elements with the value of —1 in T are all set to be zero, one can get the M X N leaving node

matrix W. Thereby, DC leaving node voltage Uy, vector is expressed as

Uy, =WV (3.8)
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Once U, and Uy, are formulated, the vector form of the DC line power in (3.6) can be expressed

as

P, = Uy ®[diag (Y,)U,] (3-9)
where Y, is the DC line conductance column vector, i.e. Y, = [%] ux1, and diag stands for a
ij
mathematical operator to transform a vector into a diagonal matrix.

3.2 Autonomous DC Line Power Flow Regulation

In this subsection, an autonomous DC line power flow regulation method is proposed based on
adaptive DC voltage droop control. The proposed DC line power flow regulation method can
effectively control the power flows in one or multiple DC lines under various contingencies
including power variation caused by renewable energy sources, converter outage, and DC grid

topology change.

3.2.1 Linearized Model of VSC-HVDC Grid in Voltage Droop Control
It is assumed that the initial steady-state operating point of the i droop controlled VSC is given
by the droop characteristic equation in (3.1). Under contingencies, let the variations of actual

power, power reference, and node voltage be AP;, AP;; and AV;. In order to regulate DC line

power, the voltage reference of the it droop controlled VSC is set to be adaptive. Let the variation
of voltage reference be AV;". It is noted that AV;” is calculated at each VSC station locally, which

will be elaborated in Subsection 3.2.2.
The post-contingency operating point of the i*" droop controlled VSC station can be given by

Pei+ APy — Poi" — AP + Ri(Vi+ AV, = Vi — AV;") =0 (3.10)
Subtracting (3.10) from (3.1), one can obtain
AP.; = AP} + (AV; — AV) R; (3.11)
The vector format of (3.11) is expressed as
AP, = AP; + diag(R)(AV* — AV) (3.12)

If the variation of converter loss is ignored, the variation of converter power injection to the AC

grid is derived from (3.3) as
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APC == APDC (313)

where APp is the variation of DC side active power.

The relationship between the DC voltage variation AV and DC power variation APp is given by

[34]

APpc = JAV (3.14)

where J is the Jacobian matrix of the HVDC grid and is defined as

9Py

(3.15)
J aVv
An element of ], i.e., J;;, can be written as
0Ppc,
= : 3.16
When i = j, a diagonal element of ], i.e., J; ; is derived from (3.4) as
oP c
ci
a?/_l = Z(gij Vi) + guV; (3.17)
l j=1
When i # j, an off-diagonal element of ], i.e., J; j is derived from (3.4) as
dP;
— =g, V; (3.18)
P) V] ij Vi
Combining (3.12), (3.13) and (3.14), the DC node voltage variation can be obtained as
AV = (J + diag(R)) (AP, + diag(R)AV*) (3.19)

3.2.2 Power Reference Variations under Various Contingencies
The DC node voltage variation AV due to contingencies in HVDC grid can be calculated by (3.19)
given the power reference variation AP, which depends on a specific type of contingency. Four
types of contingencies are considered in this subsection. The first one is power variation of an
active power controlled converter. This applies to the case of power fluctuation of renewable
energy sources, €.g., offshore wind generation. The second one is outage of an active power
controlled VSC. For the first two types of contingencies, AP ; is set to be the power difference of
the active power controlled VSC before and after the contingency. The third one is outage of a

droop controlled VSC. In this case, the disconnected droop controlled VSC is regarded as active
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power controlled converter (i.e. R; in (3.1) and (3.19) are set to zero). If the initial power of the
disconnected converter is Pj,itia) and it decreases to zero after converter outage, the power

variation AP_; under this scenario is set to —Pipjtial-

The last type of contingency is HVDC grid topology change, i.e. disconnecting or adding DC lines.
It is noted that the analytical model proposed in [34] and [57] have not included and discussed this
type of contingency. This is because the elements of Jacobian matrix J in (3.16) can not be directly
obtained by (3.17) and (3.18) when HVDC grid topology changes. In this subsction, a new method
is proposed to convert the change of DC grid topology to power variations of DC nodes by using
dummy DC generators. We take an example of DC line disconnection to elaborate the proposed
method. Assume that the DC line 3-4 in Figure 3-1 is disconnected. At the initial steady state,
suppose that the power injections from DC line 3-4 to DC nodes 4 and 3 are D; and D,
respectively. Employing the substitution principle, power injections of DC line 3-4 to DC nodes
4 and 3 can be substituted by adding two dummy generators to provide constant power D; and D,
respectively. With this approach, when the DC line 3-4 is disconnected, only the two dummy
generators are cut off while the HVDC grid topology does not change. Thus, AP, should be set to
[0, 0, —D, —D;]".Italso noted that in case of adding DC lines, we can also assume that the
added lines exist at the initial state according to this approach, in order to keep the DC topology
unchanged. Dummy generators are also added at the initial steady state to compensate power

injections of the added DC lines.

@ =" 1il®
@HIH_ ']—t’}
— 1D\

Figure 3-1 Four-terminal HVDC grid with dummy DC generators.

3.2.3 DC Line Power Flow Regulation Algorithm
Following a contingency in the HVDC grid, it is critical that DC line power flows are kept

unchanged or are regulated to the targeted values within the operation limits. Furthermore, it is

39



desirable for the DC lines to share the powers proportionally based on their power ratings. In this
subsection, firstly the method of regulating single DC line power is presented. Then, the proposed
method is extended to regulate multiple DC line powers simultaneously. Finally, the proportional

DC line power sharing algorithm is proposed.

3.2.3.1 One DC Line Power Regulation

The post-contingency operating point of DC line power equation (3.6) can be given by

P+ AP, = (V; +AVi)(Vl- +AV, =V —AV]-)/RL-J- (3.20)
where AP, is the variation of DC line power after and before a contingency; P, j is the original

DC line power before the contingency.
Subtracting (3.20) from (3.6), one can obtain

APy = [ (2Vi = VDAV, = VAV, + AV = AVIAV]/R (3.21)
In order to simplify the calculation, quadratic variation terms in (3.21) are neglected. Thus, we can

obtain a linear equation as

APy = [(2V; = VDAV, — VA V;1/R;; (3.22)
Based on (3.19), the voltage variation AV can be represented by the voltage reference variation
AV*. Furthermore, it is observed from (3.22) that the variation of DC line power AP, ;. is a function
of voltage variation AV. Therefore, combining (3.19) and (3.22), AP, can be regulated by
adjusting the DC voltage reference variation AV*. It is noted that J and R in (3.19) along with V;
and V; in (3.22) are pre-contingency values and can be obtained from an arbitrary steady-state

operating condition. Thus, a secondary/centralized controller is not needed. Hence, the proposed

control method can autonomously regulate DC line powers.

3.2.3.2 One DC Line Power Regulation
From the DC line power formulation (3.9) in initial steady state, the post-contingency DC line

power can be expressed as

P, + AP, = (U, + AUy)®[diag (Y,)(U, + AU,)] (3.23)
where AP; is the DC line power variation vector, AUp is the DC leaving node voltage variation

vector, and AU, is the DC line voltage variation vector.
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Subtracting (3.23) from (3.9) and neglecting the quadratic variation terms, one can obtain

AP, = Uy, ®(diag (Y,)AU,) + AUy, ®(diag (Y,)U.) (3.24)
Hence, the DC voltage reference variation vector AV* for achieving the DC line power regulation

can be calculated by combining (3.7), (3.8), (3.19) and (3.24).

3.2.3.3 One DC Line Power Regulation
After a contingency in the HVDC grid, it is crucial that the designated DC lines share the power
max

burden in a desirable way to avoid DC line overloading. A DC line power limit P ;" can be

obtained from the DC line current limit as

pnax = [raxy N (3.25)

where I7¢* is the DC current limit; V¥ is the nominal DC voltage of the HVDC grid.

Now, assume that g is the number of the DC lines, designated to share the active power mismatch

proportionally to the DC line power limits. We can get a system of ¢ — 1 equations as

[ APL,1 APL,z PL,Z PL,1

max  pmax — pmax _ pmax
PL,l PL,Z PL,Z PL,l

APL,Z APL,B _ PL,3 PL,Z

Pz - P - pax  pmax (3.26)

APL,q—l APL,q _ PL,q PL,q—l

max _ pmax — pmax  pmax
| PL,q—l PL,q PL,q PL,q—l_

onsequently, the targeted AV* to realize proportional DC line power sharing can be obtained by

combining (3.24) and (3.26) with (3.7), (3.8), and (3.19).

3.24 DC Line Power Flow Regulation Algorithm
In this subsection, the control hierarchy of the proposed DC line power regulation based on
adaptive voltage droop control is illustrated in Figure 3-2. The inner current control loop and the
outer power control loop are usually used in a VSC’s primary control layer, as shown in Figure 3-
2. In the inner current control loop in Figure 3-2, i; and i j; are the actual and reference values of
the d-axis component AC current; i, and i 4 are the actual and reference values of the g-axis
component AC current; L is the AC filter inductance; w is the AC frequency; Usq and Uy, are the

d-axis and g-axis components of the VSC’s AC voltage.
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Figure 3-2 Hierarchical diagram of autonomous DC line power regulation.

In Figure 3-2, the outer power control loop regulates the active and reactive power injections into
the VSC. The control objective is either active power control (Switch 1 in Figure 3-2) or DC
voltage droop control (Switch 2 in Figure 3-2) for the d axis. The voltage reference of droop control
in Figure 3-2 is configured to be adaptive to realize DC line power regulation. The adaptive voltage
reference V™ is obtained from the proposed autonomous control layer. It is designed to calculate
the voltage reference variation AV* based on the DC line power regulation target, i.e., the
scheduled DC line power flow control (Switch 5 in Figure 3-2) or the proportional DC line power
sharing (Switch 6 in Figure 3-2). It is noted that an integral controller is used in the autonomous
control to achieve a smooth change of the voltage reference AV* instead of an abrupt change to

avoid large transient.

3.2.5 Discussion
In adaptive droop control mode, each adaptive droop controlled VSC (i.e. the voltage reference V;*
in (3.1) is adjustable) gives one degree of freedom for control, while each DC line power to be
regulated requires one degree of freedom. The system with d number of adaptive droop controlled
VSCs and e number of DC line powers to be regulated has (d — e) degree of freedom for control.
In order to ensure at least one feasible solution, the system must have the degree of freedom being
greater than or equal to zero, i.e., d = e. It is noted that DC line power regulation can be realized
using any combination of adaptive droop controlled VSCs with sufficient degree of freedom,

which increases the maneuverability and flexibility of the proposed method.
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The minor errors of the proposed DC line power regulation method are due to the following three
approximations to simplify the calculations. The first one, which causes the major approximation

error, is the linearization in (3.14). The Taylor expansion is given by

1
APpc = JAV + EAVTHAV + g(]1av]]?) (3.27)

Comparing the equations (3.14) and (3.27), it can be seen that the quadratic term related to Hessian
matrix H and also the higher order infinitesimal (||AV||®) are ignored. This simplification is used
in the popular analytical models of the MTDC system in [34] and [57]. The second simplification
is resulted from neglecting the variation of converter loss in (3.13). The converter loss of the state-
of-the-art MMC HVDC technology is normally 1% of the total transmitted power and mainly
depends on converter current [12]. Therefore, the variation of converter losses due to converter
operating point change is even smaller than the converter losses. The third simplification is due to
neglecting the quadratic variation terms of the voltages in (3.21) and (3.24). The error is only
relevant to the DC nodes where DC line power flow control occurs. This error is similar to that of
the first simplification since the quadratic voltage terms are ignored in these two simplifications.
However, the third simplification is local to the DC nodes under DC line power flow control while
the first simplification involves all the DC nodes in the MTDC system. These three simplifications
can greatly reduce the computational burden of the proposed DC line power regulation method

involving minor errors.

The Jacobian matrices can be updated after line disconnection from the original Jacobian matrix
without any line disconnection. It is noted that communication between VSCs is needed to transmit
the line disconnection information so that the original Jacobian matrix can be updated accordingly.
It is assumed that line L was connected between DC nodes m and n. When line L is disconnected,
we only need to update Jim» Juns Jmn» Jum 10 the original Jacobian matrix J. The equation to
calculate the J,,,,, and J,;,, is given in (3.17). Thus, the following elements in the Jacobian matrix

after line disconnection can be derived as

Jmmanew = Jmm.ola — gmn(Vm + Vn) (3.28)
Jnnnew = Janota — gmn(Vm + ]/1'1) (3.29)

where Jmoia and Junoq are the original values of J,,,, and J,, before line disconnection;

Jmmnew and Jnn new are the values of J,,,, and J,, after line disconnection, g,,, is the mutual
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conductance of the DC line connected between the two DC nodes m and n. 1}, and V}, are the
voltages at DC nodes m and n. It is noted that J,,,,, and J,,,,, are both zero after line disconnection.
Therefore, the new Jacobian matrix after line disconnection can be updated from the original
Jacobian matrix with little computational burden. Thus, it is feasible for a large system as only

four terms in the Jacobian need to be updated.

It is noted that under line disconnection, communication between VSCs is needed. But the
communication is very simple since it only needs to transmit the line disconnection information
among VSC stations. This is different from the communication required by a centralized controller
to compute the global DC power flow. Since the solution of global DC power flow in the secondary
control layer is not required, the proposed control approach is still considered as an autonomous

one based on primary control.

3.3 Case Studies

A five-terminal MTDC system, as shown in Figure 3-3, is implemented in MATLAB/Simulink
Simscape/Specialized Technology Blockset and OPAL-RT RT-LAB libraries to verify the
proposed DC line flow regulation method. The test system includes two offshore wind farms and
three stiff AC grids represented by ideal voltage sources behind the impedances. The two offshore
wind farms are connected to VSCs-3 and 5 operating in active power control mode. While the grid
side VSCs-1, 2 and 4 are all in droop control mode. The VSC stations are realized with modular
multilevel converters and are represented using average-value models [5], [62]. While the DC
transmission lines utilize the distributed parameter line model in ARTEMIiS Blockset of RT-LAB.
The DC transmission line data and VSC parameters are given in Tables 3.1 and 2 [35] and 3
respectively. The DC line powers of the initial steady state are given in Figure 3-3. It is noted that

DC line powers are reported at the sending ends.

The numerical solution from the DC power flow analysis of the initial steady state is given in Table
3.4. The DC voltage in Table 3.4 can be used to calculate the elements in the Jacobian matrix J in
(16). The static simulation of regulating DC line power under DC line disconnection is shown in
Case A4, while the dynamic simulation of DC line disconnection is given in Case E. Cases B and C
demonstrate that the proposed autonomous control can regulate DC line powers under variations

of power generation and converter outage.
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Table 3.1 DC Transmission Line length

) 1-2 1-3 1-4 1-5 2-3 3-4 4-5
Line
Length
80 200 125 160 160 160 250
(km)
Table 3.2 DC Line Data [35]
Parameter R(Q/km) L(mH/km) C(uF/km)
Value 0.0100 0.1463 0.2662
Table 3.3 VSC Parameters
VSC Station 1 2 3 4 5
Number
Rated Power
650 650 800 650 750
P" (MW)
Droop
Coefficient R; 12.7 25.4 0 50.8 0
(kW/V)
Power
Reference P;" 400 500 —400 600 ~500

(MW)




Table 3.4 DC Power Flow Solution

VSC Station 1 2 3 4 5
Number
V; (kV) 633.3 632.9 633.9 633.4 634.8
Ppci (MW) 314.4 320.6 —400 263.3 —-500
VSC-5

31345MW' \186‘5MW

VSC-1 VSC-4
G- HEHGD

12847MW‘ |105~6MW

VSC-2 VSC-3

I 1 Th

1922MW

GO

Figure 3-3 Five-terminal HVDC grid.

3.3.1 Static Simulation Results

In Case 4, the autonomous control strategy is implemented to maintain the power flow of DC line
3-2 constant when DC line 1-3 is disconnected. The configuration of the HVDC grid, after
disconnecting DC line 1-3, is illustrated in Figure 3-5. With the parameters listed in Tables 3.1, 2

and 4, the Jacobian matrix can be calculated from (3.17) and (3.18) as

8467 —3958 0  —2533 —197.9
[ 395 6 5929 —1978 0 0 ]MW
| —198 1 3967 —198.1 | = (3.30)
—2534 1979 5775 —126 7
|_198.4 0 0 —1270 32611

The dummy generators in Figure 3-4 are set to be D1 = —102.1 MW and D2 = 102.2 MW. AP;
in (3.19) is given by

AP} =[102.1, 0, —-102.2, 0 O0]"MW (3.31)
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At least one VSC is required to operate in the adaptive droop control mode for regulating one DC
line power to assure that the system has enough degree of freedom for control. Without loss of
generality, the voltage reference V," of VSC-2 is set to be adaptive while VSCs-1 and 4 operate in
fixed droop control mode. Combining (3.19) and (3.22), AV," is calculated as 59.9 kV. The DC
line powers under adaptive and fixed droop control of VSC-2 are given in Figure 3-4 by green and
red colors, respectively. Comparing Figure 3-4 with Figure 3-3, it is seen that a significant power
increase of DC line 3-2 is observed under fixed droop control after disconnecting DC line 1-3.
On the contrary, the line power under adaptive droop control is very close to the original value

with a minor error of 2.97%.

It is noted that instead of VSC-2, setting VSC-1 (Scenario I) or VSC-4 (Scenario II) in adaptive
droop control mode can also regulate the targeted DC line power. The line powers of Scenarios |
and II are given in Table 3.5. From Table 3.5 it can be observed that, the line powers 3-2 in both
scenarios are kept nearly identical with small errors. This case study illustrates the effectiveness
and flexibility of the proposed control method regulating the targeted DC line power by adapting

the voltage reference of a droop controlled VSC.

VSC-5
A @
|
I 276. 7MW
(324.9MW) (175.1IMW)
®© (65.4MW)
Ged — HGD
Le—
---n |
I’- >
385. 7MW D) ' 207.9MW
(76.5MW)' (155.3MW)

VSC-2

GG

VSC-3

192.5MW
(244.TMW)

Figure 3-4 DC line power flow results with and without the proposed line flow regulation
method.
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Table 3.5 DC Line Powers of two Scenarios

DC Line 3-2 1-2 1-4 5-1 3-4 5-4
Power (MW)
Scenariol  199.3 3435 221.6 2372 200.7 2628

ScenarioIl  198.1 206.5 181.0 2994 2019 200.7

3.3.2 Single DC Line Power Regulation under Variation of Offshore Wind Farm
Generation
Case B demonstrates that the proposed autonomous control can regulate DC line power under
varying power generation. In this case, the power generation of the offshore wind farm connected
to VSC-3 changes from —400 MW to — 600 MW at t = 1s. The autonomous control is enabled
at t = 2s, targeting to keep the power of DC line 3-2 constant. The voltage reference of the droop

controlled VSC-2 is adaptive to realize the autonomous control of DC line power regulation.

The DC line powers are shown in Figures 3-5 (a) and (b). It is observed that the power of DC line
3-2 increased from 192.2 MW to 262.3 MW following the power variation of VSC-3 att = 1s.
After the autonomous control is activated at t = 2s, the power of DC line 3-2 is recovered to 193.7
MW, which is very close to its original value with an error of 0.78%. Additionally, the DC powers
and voltages of VSC stations are shown in Figures 3-6 (a) and (b) respectively. It is noted that the
transient responses of the autonomous control settle down quickly with minor overshoots in the
DC powers and voltages. This is due to the fact that a smooth change of the voltage reference is

implemented using an integrator block in Figure 3-2.
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Figure 3-5 DC line powers under VSC-3 power variation.

(a) powers of DC lines 3-2, 1-2 and 3-4; (b) powers of DC lines 1-3, 1-4, 1-5 and 4-5.
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Figure 3-6 DC powers and voltages of VSCs under VSC-3 power variation.
(a) DC powers of the VSCs; (b) DC voltages of the VSCs.

3.3.3 Multiple DC Line Power Regulation under Converter Qutage
In Case C, the proposed autonomous control approach is used to regulate two DC line powers
simultaneously under a large system disturbance, i.e. converter outage. It is assumed that VSC-5
is forced into outage at t = 0.5s. The proposed DC line power regulation method is activated at t =
1.5s. According to the degree of freedom discussed in Subsection 3.2.5, at least two adaptive droop
controlled VSCs are required to regulate two DC line powers. Therefore, the voltage references of
droop controlled VSCs-1 and 2 are set to be adaptive. The powers of DC line 3-2 and 1-4 are

kept constant. It is seen in Figures 3-7 (a) and (b) that noticeable drops of the powers of DC lines
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3-2 and 1-4 occur when VSC-5 is tripped at t = 0.5s. After the proposed control is activated at
t = 1.5s, the powers of the DC lines 3-2 and 1-4 are both recovered close to their original values
with the minor errors of 0.31% and 0.54% respectively. It is also observed in Figures 3-7 and 8
that the DC line powers, converter powers, and node voltages experience minor transients after the

autonomous control is activated since a smooth change of the voltage reference is implemented.
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Figure 3-7 DC line powers under converter outage.

(a) powers of DC lines 3-2, 1-2 and 3-4; (b) powers of DC lines 1-3, 1-4, 1-5 and 4-5.
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Figure 3-8 DC powers and voltages of VSCs under converter outage.

(a) DC powers of the VSCs; (b) DC voltages of the VSCs.
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3.3.4 Multiple DC Line Power Regulation under Converter Outage
In this case study, the power generation of the offshore wind farm connected to VSC-5 increases
from —500 MW to —750 MW at t=0.5s. The proposed DC line power flow control method is
activated at t=1.5s. The DC line current and power limits for all the DC lines are given in Table
3.6. It is noted that the DC line power limits are calculated from their current limits using (25) and

the nominal DC voltage of 640 kV.

The dynamic simulation results of the power variation, before and after the proposed autonomous
control is activated, are illustrated in Figures 3-9 and 10. It is observed from Figure 3-9 that,
following the power increase of VSC-5, the power of DC line 5-1 increases from 313.5 MW to
456.6 MW and the power of DC line 5-4 varies from 186.5 MW to 293.4 MW. It is noted that DC
line 5-1 exceeds its DC line power limit (430 MW), while DC line 5-4 still has some extra

capacity, given its power limit of 350 MW.
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Figure 3-9 DC line powers under power increase of VSC-5.

(a) powers of DC lines 5-1 and 5-4; (b) powers of DC lines 3-2, 1-2, 1-3, 1-4 and 3-4.
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DC Voltage (kV)

Figure 3-10 DC powers and voltages under power increase of VSC-5.
(a) DC powers of the VSCs; (b) DC voltages of the VSCs.

Table 3.6 DC Line Current and Power Limits

DC Line 3-2 1-2 1-4 5-1 3-4 5-4
Current Limit
625 625 625 672 625 547
(A)
Power Limit
400 400 400 430 400 350

(MW)

After the proposed DC line power control method is activated at t = 1.5s, it is observed in Figure
3-9 (a) that DC line powers 5-1 and 5-4 are shared nearly proportionally based on their power
limits. Due to linearization in the proposed approach, the line power sharing errors of lines 5-1 and
5-4 are 0.70% and 0.86% respectively. Thus, all the DC line powers are within their power limits,
as shown in Figures 3-9 (a) and (b). The DC power and voltage profiles are shown in Figures 3-
10 (a) and (b) respectively. It is observed in Figure 3-10 (a) that the converter DC powers are all

within their rated values given in Table 3.3 after the autonomous control is activated.

3.3.5 Disconnection of One DC Line
In this case, the DC line 3-4 is disconnected att = 0.5s. The autonomous control is enabled at
t = 1.5s, targeting to keep the power of DC line 3-2 constant. The voltage reference of the droop
controlled VSC-2 is adaptive to realize the autonomous control of DC line power regulation. The
DC line powers are shown in Figures 3-11 (a) and (b). It is observed that the power of DC line 3-

2 increases from 192.2 MW to 251.3 MW due to the line disconnection. After the autonomous
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control is activated, the power of DC line 3-2 is recovered to 198.3 MW, which is very close to
its original value with a minor error of 3.17%. Moreover, the DC powers and voltages of VSC

stations are within their limits, as shown in Figures 3-12 (a) and (b) respectively.
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Figure 3-11 DC line powers under disconnection of line 3-4.

(a) powers of DC lines 3-2, 1-2, and 3-4; (b) powers of DC lines 1-3, 1-4, 1-5, and 4-5.
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Figure 3-12 DC powers and voltages under disconnection of line 3-4.
(a) DC powers of the VSCs; (b) DC voltages of the VSCs.

3.4 Summary

In this chapter, a DC line power flow regulation method is proposed based on an improved HVDC
grid analytical model and the adaptive droop control method. The proposed method can

autonomously regulate the targeted DC line powers to the predefined values or share the powers
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among DC lines proportionally without solving DC grid nonlinear power flow equations. The
proposed control strategy can operate under various contingencies including converter outage,
power variation, and DC grid topology change. Since the droop reference voltage is adaptive, the
proposed autonomous control does not influence the stability of the DC grid. The proposed DC
line power flow regulation strategy is validated under various contingencies using the study system
of a five-terminal MTDC grid. The simulation results show that the proposed approach can

regulate multiple DC line powers or share the DC line powers proportionally with minor errors.
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4 Converter Power Sharing and Average Voltage Regulation

in MTDC System

Based on the improved power flow methods proposed in Section II and the linearized model
developed in Section III, this chapter discusses the converter power sharing and average voltage
regulation in MTDC system. Autonomous * and distributed # control methods are proposed to
regulate average DC voltage and share the converter power burden proportionally, using the
adaptive droop control strategy. Then, a combined hierarchical and autonomous DC grid control

scheme for proportional power sharing ° is proposed.

4.1 Autonomous Controls of Average Voltage and Converter Power Sharing

in MTDC Grid

In this subsection, two autonomous control methods are proposed to regulate average DC voltage

and share the power mismatch proportionally.

4.1.1 Steady-State Operation of MTDC System
In the following, the steady-state model of the VSC-MTDC system under the LVDC strategy is

introduced. The generalized DC voltage droop control equation is represented as:

P,—P*+R,(V,=V") =0 (4.1)
where P; and P;” are the actual and reference values of the AC-side power injection from the it"
VSC (i€{1, ...,n} and n denotes the number of DC nodes), respectively; V; and V;" are the actual
and reference DC voltages, respectively; R; is the droop coefficient of the i*" VSC in actual value,

which can be calculated by

3 Yuanshi Zhang, Liwei Wang and Wei Li, “Autonomous Controls of Average Voltage and Converter Power Sharing
in MTDC Grid”, submitted to /EEE Transactions on Power System.

4 Yuanshi Zhang, Amin Shotorbani, Liwei Wang, and Wei Li, “Distributed Voltage Regulation and Automatic Power
Sharing in Multi-Terminal HVDC Grids”, published in /EEE Transactions on Power Systems, vol. 35, no. 5, 2020.

5 Yuanshi Zhang, Amin M. Shotorbani, Liwei Wang and Wei Li, “A Combined Hierarchical and Autonomous DC
Grid Control for Proportional Power Sharing with Minimized Voltage Variation and Transmission Loss”, submitted
to IEEE Transactions on Power Delivery.
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where k; is the droop coefficient in per-unit; V" and P; are the nominal voltage and power rating.
It is noted that R; is positive for a VSC in droop control mode and R; = 0 for a VSC in real power
control mode. Additionally, if a DC node is not connected to a VSC, R; and P;" are both set to

Z€r0.

The DC power equation is given by

n

Paci = Vi) Gy V) (43)

j=1
where G;; is self- or mutual-conductance between node i and node j. The vector format of (4.3) is

written by

P = VQ(GV) (4.4)
where P = [Pi]x1, V= [Vilnx1 and G = [G;j]xpn . The symbol ® is an entry-wise matrix

multiplication operator.

The relation between P; and Py, ; is given by

P; = Pyc; + Pcross,i (4.5)
where P¢ 1455 18 the converter loss, which can be calculated by a function of DC current I, ; given

as

2
Perossi =i+ by *Igc;i + ¢ *lge (4.6)

where a;, b; and ¢; are constant, linear, quadratic coefficients of I ;. I5.; is given by

n
lyc; = Z Gik Vi 4.7)
k=1

If there are x DC lines and n DC nodes in the MTDC system, the x X n matrix T is defined as

incidence matrix [57]. An element of T, i.e. T,

pg> €quals to —=1,0 or 1. T,,, = —1 or 1 denotes that

the defined line current of the p” line enters or leaves the node ¢, while Tpq = 0 indicates that the

p" line is not connected to the node ¢g. Therefore, DC line voltage vector U, can be expressed by

U, =TV (4.8)

The DC grid transmission loss is given by
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PG Loss = ULT®(diag (Y)U,) (4.9)
where Y}, is the DC line conductance vector [57]. The average voltage of DC grid, defined as V5,4,

is given by

n
2= Vi

Ving = (4.10)

n
4.1.2 Autonomous Controls of Average Voltage Regulation and Proportional Power
Sharing

In order to regulate average DC voltage and realize proportional power sharing, the voltage

reference of the droop controlled VSC is set to be adaptive to provide additional degree of freedom,

while the droop coefficient and power reference are both unchanged. In this section, two novel
algorithms are proposed to obtain the adaptive voltage reference autonomously. The first method
is based on DC grid lossy model with LVDC strategy, while a modified common voltage droop
control strategy is proposed as an alternative method to reduce the errors involved in the DC grid

lossless model.

4.1.2.1 Proposed Method I

The proposed Method I adopts the DC grid lossy model with the LVDC strategy. It is assumed
that the initial steady-state operating point of the i*"* VSC (i€{1, ...,n}) is given by (4.1). Following
unscheduled contingencies, let the variations of AC power and DC voltage of the i" VSC be AP;
and AV, respectively. AV;" and AP;" are the voltage and power reference variations respectively.

The post-contingency operating point of the i*" droop controlled VSC station can be derived from

(4.1) by

P, + AP, — P;* — AP + R;(V; + AV, — V" — AV;*) = 0 (4.11)
Subtracting (4.11) from (4.1) yields

AP; = AP;* + (AV;" — AV)R;YV(t) = I,(t — At) (4.12)
It is noted that for the droop controlled VSCs, AP;* = 0, while R; and AV;" are both zero for the

real power controlled VSCs.

The vector form of (4.12) is expressed as

AP = AP* + diag(R)(AV* — AV) (4.13)
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From (4.5), the variation of converter power injection to the AC grid is given by

AP = APy + AP¢ o6 (4.14)
where APg4. and AP | s are the variations of converter power injection to DC grid and converter

loss, respectively.

The post-contingency operating condition of VSC loss formula (4.6) is given by

PC,Loss,i + APC,Loss,i =a; + bi(Idc,i + AIdc,i) + ¢ (Idc,i + AIdc,i)z (4.15)

Subtracting (4.14) from (4.6) and neglecting the quadratic variation term CiAIczlc,i yield

APC,Loss,i = (b; + 2Ci)AIdc,i (4.16)

The variation of DC current vector Al;. ; can be obtained from (4.7) by

n
AIdC,i = Z Gik AVk (417)
k=1
Substituting (4.17) into (4.16) and rewriting into vector form, one can obtain

AP 055 = (b + 20)®(GAV) (4.18)

where b = [b;],x1 and ¢ = [¢;]nx1-

The relation between the DC voltage variation AV and DC power variation APy, can be linearized

by [34]

APy, = JAV (4.19)

where ] is the Jacobian matrix of the MTDC system.
Substituting (4.18) and (4.19) into (4.14) yields

AP = [(b + 2¢)®G + J]AV (4.20)
By equating AP in (4.13) and (4.20), the DC node voltage variation can be derived by

AV = [J + (b + 2¢)®G + diag(R)]*(AP* + diag(R)AV*) (4.21)

According to the power balance principle, one can obtain
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m n
Z AP] + AP; + Z A PC,Loss,i + APG,Loss =0 (4-22)
j=1 i=1

where m denotes the number of droop controlled VSCs and je{1, ..., m}; AP; 1,55 is the variation
of DC grid loss; APy is the total power burden caused by unscheduled contingencies including
fluctuation of renewable power generation and converter outage. It is noted that APy = Y\1*, AP;".
Thus, (4.22) denotes that the power burden APs. (together with the loss variations) caused by the
contingencies are shared by the VSCs in LVDC strategy. Considering (4.16) and (4.17),
2oy APe s in (4.22) is given by

n

n n
Z A PC,LOSS,i = Z[(bl + ZCi) z Gik AVk] (423)
i=1 k=1

=1

The post-contingency DC grid loss is obtained from (4.9) by

PG,Loss + APG,Loss = (UL + AUL)T®(diag (YL)(UL + AUL)) (4'24)

Subtracting (4.24) from (4.9) and neglecting the quadratic variation term give

APG,Loss = ZAULT®(diag (YL)UL) (4.25)
From (4.8), AU,, can be obtained by

AU, = TAV (4.26)
Substituting (4.26) and (4.8) into (4.25) yields

AP 1555 = 2(TAV )T®(diag (Y,)TV) (4.27)
It is defined that
n
AP; + Z APe rossi + APg Loss = Pris (4.28)
i=1

As can be seen from (4.23) and (4.27), Y.i=1 A Pc 1oss,i and APg 1,55 are both functions of AV.

Moreover, APy, is a known value, so that P,,;s in (4.28) is also a function of AV.
The available headroom [28] of the j* droop-controlled converter is expressed by
Hy=P —P (4.29)

where H; is the available headroom and P/ is the rated power of the VSC station.
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If the power mismatch Py, is shared according to the headroom H; among the VSCs in LVDC,

the relation between AP; and Py, is obtained by

m
AP = ~PyiHy /) H)) (4:30)
j=1
For the jt" droop-controlled converter in LVDC (je{1, ..., m}), (4.12) can be rewritten as

AP =

Equating AP; in (4.30) and (4.31) yields the relation between AV; and AV;” as

(AV;" — AV)) R; (4.31)

PmisHj

AV, = — s
7R YL H

+ AV} (4.32)

It is noted that if all the 1" to m—1"™ VSCs satisfy the power sharing constraint (4.30), the power
mismatch AP,, of the m*® VSC in LVDC is automatically shared according to its headroom.
Therefore, only m — 1number of equality constraints are needed for the power sharing control. If
all the voltage references AV, are set to be adaptive, there is one degree of freedom left to regulate
the average DC voltage. The following expression of post-contingency DC average voltage
regulation is written as

_ i=1 AV

g — - Vavg,sch - Vavg,pre (4'33)

By = =22

where AV, is the average voltage variation; Vi,g ccn and Vg nre are the scheduled and initial

average DC voltages.

Considering (4.32) and (4.33), the equation set to realize power sharing control and average

voltage regulation is given by

PmisHl *

AV. — + AV,
[ : ! ] Ry ;n=1 Hj '
| AVy [=| p g (4.34)

n AV _misTmzl Ay

lZl—l lJ Rm—l Z;n:l H] m-—1

n

Vavg,sch - Vavg,pre J

Finally, the DC voltage reference variation vector AV* can be calculated by combining (4.21) and

(4.34).
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4.1.2.2 Proposed Method 11
In the ideal DC grid lossless model [61], [57], the DC voltages are assumed to be identical. Thus,

(4.31) can be rewritten as

AP; = (AV;" — AV) R, (4.35)

where AV is the identical voltage variation.

This DC lossless model for the MTDC grid in LVDC strategy is a useful tool to estimate the power
distribution of the MTDC system following a disturbance. However, it may involve large errors in
post-contingency DC power and voltage estimation as the DC voltage in (4.25) is assumed to be
identical [61], [57]. In [57], the authors point out that the ideal lossless model results in large errors
when calculating the changes in DC voltages and powers. In addition, the errors are affected by

the values of droop coefficients, line resistances, and types of the contingency.
The CVDC is expressed as

Pi— P"+R(V.— V) =0 (4.36)
where V. is the common voltage feedback signal while V. is its reference value [28], [39], [63].
It is noted that the common voltage V. can be selected as the voltage of a certain pilot DC bus or
a combination of several DC buses. In this subsection, V. is assumed to be the DC grid average

voltage to facilitate the average voltage regulation.

Using the CVDC can avoid the large errors involved in the LVDC strategy with the DC grid
lossless model, because a common voltage feedback signal removes the local voltage dependence

of the power sharing following a contingency [31]. The relationship between power variation AP;

and common voltage variation AV, is given by

AP, = (AV," — AV,) R; (4.37)
Comparing (4.35) and (4.37), setting V;* of all the droop- controlled converters to be adaptive in

(35) can provide m degree of freedom, while setting V" to be adaptive in (4.37) can only provide
one degree of freedom. Thus, the disadvantage of the CVDC is that it lacks degree of freedom for

the adaptive droop control.

In this subsection, a modified common voltage droop control (MCVDC) is proposed, which is

given by
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P,— P +R(V.—V")=0

(4.38)

The relationship between power variation and common voltage variation in the MCVDC is given

by

AP; = (AV;" — AV,)R

(4.39)

Comparing (4.39) with (4.35) and (4.37), it can be seen that the MCVDC avoids the large errors

involved in the DC grid lossless model with LVDC and at the same time provides as much degree

of freedom as the LVDC.

As the proposed Method II adopts the DC grid lossless model, the variations of converter and DC

grid losses are neglected. Thus, (4.22) can be rewritten as

EAPJ- +APE =0
=1

Substituting (4.39) into (4.40) gives

— (Z AVR; + AP;)/(Z R))
=1 =1

Substituting (4.41) into (4.39) yields

m m
j=1 j=1

Equating (4.30) and (4.42) yields the following equation system:

m
(ZAV R; +APZ)/2R - APH,
. J=1 Rl(Z] 1 ])
ﬁgl* (iAV R; +AP)/Z _APsH,
;2 = = > = - RZ(Z;‘nlej)
AV, " : AP§'H
(ZAV R; +APZ)/ZR RO, H)
j=1 |

It is observed from the right hand side of (4.43) that the same term (X2, AV;"R; + APg) / ¥

is included in every equation. Therefore, (4.43) can be simplified by subtracting ;o

(4.40)

(4.41)

(4.42)

(4.43)

11]

Trow

62



(je{1,...,m — 1}) from j+1™ row and m™ row from the 1% row in (4.11), which yields the

equivalent equation set

APy H, Hz)‘
m
AV} — AV; ’;;*Hj 11_311 ff
AV -8V | s Gy T Ry (4.44)
: j=11j Kz 3
—AV] + AV, AP }_Im H,
j=1 H; (E_RT)
Extracting the coefficient matrix of (4.44) yields
1 -10 0
01 -1 0 (4.45)
-1 .O 0 - imxm

As the rank of the m X m matrix (4.45) is m — 1, matrix (4.45) is not a full rank matrix. Thus,
there are non-unique solutions of (4.44). In other words, one degree of freedom exists in (4.44).
Therefore, we can utilize this additional degree of freedom to regulate the DC average voltage. It
is noted that the average DC voltage is selected to be the common voltage feedback signal V..

Combining (4.33) and (4.41) gives

ST AV R + APy

Zm R. - Vavg,sch - Vavg,pre (4'46)
j=17j
Substituting (4.46) into (4.43), one can get the equation set with a unique solution as
APy H,y
Ry (Xj=1 Hy)
AVI* Vavg,sch - Vavg,pre *
,Sch , 5 VMmN
:2 — avg,sc E avg,pre _ R2 (271:1 H]) (447)
AV Vavg.sch — Ve :
m avg,sc avg,pre APE Hm
[Rin (X721 Hj)J

4.1.2.3 Control Scheme Diagram
The control diagram of the proposed autonomous power sharing and average voltage regulation
based on adaptive voltage droop control is shown in Figure 4-1. The physical layer is composed

of offshore wind farms (OWFs), wind farm VSCs (WFVSCs), AC grids, grid-side VSCs

63



(GSVSCs) and the MTDC system. The primary control layer consists of outer power control, inner
current control (ICC) and the pulse width modulation (PWM). It is assumed that the WFVSCs are
in real power control and AC voltage magnitude control modes for the d-axis and g-axis controls,
respectively. The GSVSCs are in adaptive droop control and reactive power control modes for the
d-axis and g-axis controls, respectively. The reference values of the d-axis and g-axis currents, i.e.

iz and g, are transmitted from the outer power controls to the ICCs.

It is noted that the adaptive droop voltage reference V* is obtained from the proposed autonomous
control layer and is calculated using either the proposed Method I or II, as shown Figure 4-1 by
the switch position I or II, respectively. In the autonomous control layer, the output voltage
reference variation AV* is smoothed by an integral controller before transmitting to the primary

layer to avoid large transient.

< TAutonomous confrol layer
| [eq @.21) and (4.34)}= |
| [ AV”
11
9 eq (4.47) f—o J
( \
+ 0
i 0 |
| |
|0 |
Adaptive
| Primary droop control |
control layer
\ Y )
T i o m = \
I3 &
o I
i 2, OWF-I WFVSC-
]
15 2 |
I 'lﬁ. Q) |
N D — Gl Z.

Figure 4-1 Control scheme diagram of the proposed autonomous control strategy.

4.1.2.4 Discussion
In order to compare the power sharing accuracy of the proposed Methods I and II, the power

sharing error, i.e. P,,.,, is defined as

ref
mis )

m
j=1Hj

/PT (4.48)

1

where P" is the nominal power of the GSVSCs (since all the GSVSCs in the case study have the

Py = HAP - (-

Pref

same power rating); H is vector of the available headroom (H = [Hj, --- Hy, ]). It is noted that P, ;¢
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is obtained by the accurate MTDC grid power flow result following the method proposed in [33]

and is used as the benchmark in this work.

The average voltage regulation error V,,.,. is given by

Verr = | Vavg,sch - Vavg,postl/Vr (4‘49)
where Vg scn and Vg nose are the scheduled average voltage and post-contingency average

voltage, respectively.

The errors, P,,, and V,,,., of the proposed Method I are due to the linearization of MTDC power
flow in (4.19), while the errors of the proposed Method II are caused by neglecting the converter

and grid loss variations in (4.40).

It is noted that the computational burden of the proposed Method II is much smaller than that of
the proposed Method I since the proposed Method II adopts the DC grid lossless model and void
calculating the Jacobian matrix J and variations of DC grid and converter losses. However, the
proposed Method II needs the communication among different VSC stations as the common

voltage feedback signal V, is used in the proposed MCVDC strategy.

Four types of contingencies are considered in this work, i.e. real power variation caused by the
OWF power generation intermittency, real-power-controlled converter outage, droop-controlled
converter outage, and DC line disconnection. It is straightforward to set AP* in (4.21) and AP, in
(4.22) for the first two types of disturbances. For the droop-controlled converter outage, the tripped
converter is assumed to be a real power controlled converter (i.e., R; = 0) at the initial steady state

to keep diag(R) in (4.21) unchanged before and after the contingency.

In the following, the method to set AP* and APy, following DC line disconnection is discussed in
detail. Assume that the line is disconnected at the initial state and two dummy generators are added
at two ends of the disconnected line, respectively. The real power of the dummy generators is the
same as the original line power injections. Thus, the topology change caused by a line
disconnection is converted to real power variations of the two DC nodes. The corresponding
elements in AP* are the negative values of the line power injections while APs; equals to the initial

copper loss of the disconnected transmission line.
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4.1.3 Case Studies

4.1.3.1 System Configuration

A five-terminal VSC-MTDC system with OWFs is used to verify the proposed autonomous
controls of average DC voltage regulation and power sharing, as shown in Figure 4-2. The MTDC
system is implemented using MATLAB/Simulink Simscape/Specialized Technology Blockset and
OPAL-RT RT-LAB libraries. Two OWFs and three AC grids represented by ideal voltage sources
behind the impedances are connected to the MTDC system at VSCs-3 and 5 and VSCs-1, 2, and
4. The WFVSCs are under real power control mode, while the GSVSCs are under adaptive droop
control mode. The VSC stations are represented by average-value model [5], [62] of modular

multilevel converter (MMC).

VSC-5

OWF-5

0
2]

0

OWF-3

Figure 4-2 Single line diagram of the test system.

The DC cables are simulated using distributed parameter transmission line model in RT-
LAB/ARTEMIS Blockset. The DC cable length and parameters as well as VSC station parameters
are given in Tables 4.1, 2 and 4. The VSCs-1 and 2 are implemented using MMC with half-bridge
submodules, while the other VSCs are implemented using MMC with full-bridge submodules. The
converter loss coefficients in (4.6) are given in Table 4.4. Positive direction is assumed when real
power is transmitted from DC grid to AC grid. The upper and lower DC voltage limits are 380 kV
and 420 kV, respectively.

The performance of the autonomous controls of the proposed Methods I and II is verified using
wind farm generation variation in Case 4. Cases B demonstrates that the proposed autonomous
controls can realize proportional power sharing and average voltage regulation under GSVSC
outage. In Case C, the performance of the proposed autonomous control methods is verified under

N — 2 contingency.
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Table 4.1 DC Cable Length

) 1-2 1-3 1-4 1-5 2-3 3-4 4-5
Line
Length
160 400 250 320 320 320 500
(km)
Table 4.2 DC Cable Parameter
Parameter R(Q/km) L(mH/km) C(uF/km)
Value 0.0200 0.1463 0.2662
Table 4.3 VSC Station Parameter
VSC Station 1 2 3 4 5
Number
Nominal
Voltage V; 400 400 400 400 400
(kV)
Rated Power
500 500 800 500 900
Pl (MW)
Droop
Coefficient k; 0.1 0.0668 0 0.04 0
(N P.U.)) [29]
Power
Reference P 400 500 —400 600 ~500

(MW)

67



Table 4.4 Converter Loss Coefficients (in P.U.) [33]

Submodule a b c

Typ e dc dc dc
Half-bridge 4.000 0.473 .
Full-bridge | o000 6.700 0.956 * 10

4.1.3.2 Case A : Variation of OWF Generation

Case 4 demonstrates that the proposed autonomous controls can share power proportionally and
regulate DC average voltage to the nominal value under wind power generation variation. In Case
A, the power generation of the OWF connected to VSC-5 increases from —500 MW to —850 MW

att = 0.5s. The autonomous controls are activated at t = 1s.

The DC powers, voltages and average voltage of VSCs under the proposed Methods I and II are
given in Figures 4-3 and 4-4, respectively. It is observed from Figures 4-3 and 4-4 that the
autonomous controls in Methods I and II produce similar results with small errors (shown in Table
4.5). From Figures 4-3 (a) and 4-4 (a), one can see that following the power increase of VSC-5,
the power sharing of the VSCs-1, 2 and 4 under the fixed droop is not desirable as VSC-4
approaches the rated power and VSC-1 still has relatively large headroom. After the proposed
autonomous controls are activated at t = 1s, the active powers of the GSVSCs are shared
proportionally to their headrooms. On the other hand, it can be seen from Figures 4-3 (b) and 4-4
(b) that the DC voltage profile increases following the power variation of the VSC-5. Especially,
the voltage of the VSC-5 is near the upper voltage limit. As shown in Figures 4-3 (c¢) and 4-4 (c),
the voltage profile increase is mitigated after the autonomous controls are enabled to regulate the
average voltage to the nominal value. It is observed from Table 4.5 that V,,, and P,,, of the
proposed Method II are smaller than those of the proposed Method I, indicating the proposed
Method II is more accurate than the proposed Method I. This is because the error due to neglecting
the converter and grid loss variations in (4.40) of the proposed Method II is smaller than the
linearization error of MTDC power flow in (4.19) of the proposed Method I.
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Table 4.5 Comparison of Methods I and II under Power Variation

Method I 1

Vorr (%) 0.12 0.05

Py (%) 1.86 0.82

4.1.3.3 Case B: GSVSC Outage

In Case B, the proposed autonomous control methods are applied to share power proportionally
and regulate average DC voltage under a large system disturbance, i.e. GSVSC outage. In this case,
VSC-2 is under forced outage at t = 0.5s. The proposed autonomous controls are activated at t =
1s. It is seen from Table 4.6 that the proposed Methods I and II can both realize the desirable
power sharing control and voltage regulation with small errors. Similar to Case A, Method II is
more accurate than Method 1. Due to space limitation, only the DC powers, voltages and average

voltage of VSCs of the proposed Method II are shown in Figure 4-5.
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Figure 4-5 DC powers, voltages and average voltage of VSCs when VSC-2 is forced outage
under the proposed Method II.

(a) DC powers of the VSCs; (b) DC voltages of the VSCs; (c) DC average voltage of VSCs.
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Table 4.6 Comparison of Methods I and II under Converter Outage

Method I 1

Vorr (%) 0.11 0.03

P, (%) 1.62 0.68

It is observed in Figure 4-5 (a) that the DC power of VSC-4 is overloaded following the VSC-2
outage while VSC-1 still has plenty of headroom. After the autonomous control is activated, the
power burden caused by VSC-2 outage is proportionally shared by VSCs-1 and 4 according to
their headrooms. It is seen in Figures 4-5 (b) and (c) that noticeable voltage increase occurs in the
DC voltage profile when VSC-2 is tripped at t = 0.5s. After the proposed control is enabled at t =
1s, the increase of DC voltage profile is mitigated while the average DC voltage is regulated to

the nominal value.

4.1.3.4 Case C: N — 2 Contingency

In Case C, the performance of the proposed autonomous control methods is validated under N — 2
contingency. VSC-1 is under forced outage at t = 0.5s. Moreover, the DC line 1-2 is tripped at
t = 0.5s. The proposed autonomous control method is activated at t = 1.5s. From P,,, and V/,,..
listed in Table 4.7, it is observed that, both of the proposed methods are verified with small errors
under N — 2 contingency. The DC powers, voltages and average voltage of VSCs under the
proposed Method II are shown in Figure 4-6. It is observed from Figures 4-6 (a) and (b) that,
VSCs-4 and 5 experience overload and overvoltage under the fixed droop control. After the
autonomous control is activated at t = 1.5s, the DC power is shared proportionally while the
average voltage is regulated close to the nominal value. Thus, overloading and overvoltage of the

VSC stations are avoided by the proposed autonomous control methods.
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(a) DC powers of the VSCs; (b) DC voltages of the VSCs; (c) DC average voltage of VSCs.

Table 4.7 Comparison of Methods I and II under N-2 Contingency

I 1I

Method
Vorr (%) 019 0.3
) A—_ 190 083

4.1.4 Summary
In this subsection, two autonomous control methods are proposed to regulate average DC voltage
and share converter power burden proportionally, using adaptive droop control strategy. The
proposed Method I utilizes the DC grid lossy model with the LVDC scheme, while the proposed
Method II adopts an MCVDC strategy in the DC grid. The performance of the proposed
autonomous control methods is verified using dynamic simulations under various disturbances,
i.e., power variation, converter outage, and DC cable disconnection. Moreover, both N — 1 and
N — 2 contingencies are included in the simulation studies. From the simulation results, it is

observed that the proposed methods can realize average DC voltage regulation and power sharing
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simultaneously with very small errors. The proposed Method II is more accurate than the proposed
Method I although it requires the communication of common voltage signal among the VSC

stations.

4.2 A Combined Hierarchical and Autonomous DC Grid Control for
Proportional Power Sharing

This subsection presents a combined control scheme that consists of two complementary control
strategies, namely hierarchical control and autonomous control to handle contingencies in a multi-
terminal high voltage direct current (MTDC) system. The combined control framework is shown
in Figure 4-7, with a two-layer hierarchical control scheme complemented by an autonomous
control scheme. The hierarchical control is the normal operating strategy which requires
communication to exchange information between the secondary and primary layers to properly
configure the adaptive-droop voltage reference, as shown in Figure 4-7. However, during sudden
operating point changes or critical contingencies, e.g. communication loss or rapid active power
variation caused by renewable energy sources, e.g., wind power generation [65], the hierarchical
control may not be able to update the adaptive voltage reference timely. Therefore, the autonomous
control proposed in this section can be applied to enhance the overall control reliability and
flexibility. The proposed autonomous power-sharing control can realize proper power sharing
among the converters and regulate the DC-grid voltage profile within acceptable limits without the
solution of DC power flow and the use of communication system. It comprises two parts, i.e.,

open-loop control and feedback control which will be discussed in the subsection.
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Figure 4-7 Combined control framework for an MTDC system.

73



4.2.1 Autonomous Power-Sharing Control in MTDC

4.2.1.1 Open-Loop Autonomous Power Sharing Control
Without loss of generality, two types of DC nodes are assumed in droop-controlled DC grid, i.e.,
active-power-controlled and droop-controlled nodes which can be represented by the unified

power-voltage droop equation as

Pei— Pei” + Ri( Vopi — Vpp.i*) =0 (4.50)
where P.; and P.;" are the actual and reference real powers injected to VSC from AC grid,
respectively; V,,,,; and V,,,,;* are the actual and reference pole-pole DC voltages, respectively; R;

is the real value droop coefficient, which can be defined as

Pc,i - Pc,i* + Ri( Vp - Vpp,i*) =0 (4.51)

where P! and v} are the rated power and voltage of the i VSC, k; is the per-unit droop coefficient

for the i™ VSC.

p.i

It is assumed that the initial steady-state operating point of the i droop-controlled VSC is depicted
as (4.50). As the DC system will reach to another steady-state operating point after a contingency,
the post-contingency steady-state real power difference, DC voltage difference, and DC voltage

reference difference are denoted by AP.;, AV,,,; and AV, ;". It is assumed that the droop power
reference P.;" and the droop coefficient R; are kept constant. The post-contingency steady-state

operating point can be expressed in terms of the initial steady-state condition as

— AV}

P+ AP; — Pl + Ri(V, oy

 + AV,

i - Avgp,i) =0 (4.52)

Dl
Since the virtual resistance of the droop constant reduces the sensitivity of the power sharing to
DC line resistances [65], for the open-loop control, the ideal DC lossless model [34] is adopted for
the droop-controlled nodes. That is to say, the DC voltages of droop controlled nodes are assumed

to be identical. Therefore, we can use a unified AV, inplace of AV, ; in (4.52). Subtracting (4.52)

from (4.50), we can get

APC,i == (AV;

pi — AVpp) R; (4.53)

According to the real power balance, we can obtain
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n
Z AP.; + AP* + APy, (4.54)

=1
where AP),¢ is the transmission loss difference of prior- and post-contingency; AP* is the

variation of power reference.

There are mainly three types of contingencies considered in this subsection. The first one is power
variation of active-power- controlled converter, which applies to the cases of power increase or
decrease of offshore wind farms or loads. The second one is outage of active-power-controlled
VSC. The third one is outage of droop-controlled VSC. For the first and second types, let the power
difference of the active-power-controlled VSC before and after contingencies be AP*. For the
droop-controlled converter, we also use AP* to represent the actual real power of the converter

before the outage.

Substituting (4.53) into (4.54) and neglecting APy,s5, AV, can be expressed as

n n
AVpp = <Z(AV5p‘iRi) + AP*> /z R; (4.55)
=1 i=1

Substituting (4.55) into (4.53), one can obtain

APC,i -

n n
AVSp,i - (Z(AVISIJJRL') + AP*)/Z Ri] R; (4.56)
i=1 i=1

The autonomous control can realize equal power sharing locally even two types of communication,
1.e., communication between the secondary and primary control layers, communication among
different droop-controlled VSCs in the primary control layer, are both lost. Before the autonomous
control is activated, AP* can be estimated locally by each droop controlled VSC as the power
mismatch AP.; is proportional to droop coefficient R; when the identical voltage difference

AV, pre 1 assumed for the fixed droop control. Then, AP* can be estimated locally as

n
AP" = ~MVypre () R) (4.57)
i=1
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If AP* is distributed equally among the remaining » droop-controlled VSC, one can expect the

post-contingency power-sharing difference AP.; to be equal to the reference value of post-

contingency power-sharing difference APCrief as

AP, = APIS = —AP*/n (4.58)

Substituting (4.58) into (4.56) and rewriting it into matrix form:

_ n n _
(AP* + Z(AV;p'iRi)> /Z 3 11
=1 =1 R.

AV ; " f
AVppz| _ (AP* +Z(Avgp,mg>/z L (4.59)
: =1 i=1 n :2
AVppn n " 1
(AP* + Z(AV;p'iRi)> /Z R; R,
L i=1 i=1 -

It is observed from (4.59) that the left-hand side of each equation contains (AP* +

{‘=1(AV5p,iRi))/ Y™ . R; . Therefore, we can simplify (4.59) by subtracting its i row

(ie{1, ...,n — 1}) from i+1" row and n'™ row with the first row of (4.59) as

— 1 1 -
X * R R
A pp1 A pD.2 A 11 12
* _ * P* e
AVpp,2 . AVpp,3 =-—I|R, Rs (4.60)
: n .
—AVI;},,1 + AVp*p'n 1 : 1
R, Ry

The coefficient matrix of the left side of (4.60) can be written as

1 -10 0
o1 -t 9 (4.61)
-1 0 0 - 1,

Obviously, the rank of (4.61) is n-1, which is not a full rank matrix. Therefore, (4.60) has infinite
numbers of solutions and thus has one degree of freedom. To obtain a unique solution, we can

define

76



n 1 -1.0 0
AP* + Z(Avgp,iRi) =p 0L -1 0 (4.62)
=1 10 0 - 1,
From (4.55), it can be seen that P, has a proportional relationship with the voltage difference AV,,.
Therefore, P, can be used for DC voltage regulation. If the DC voltage profile before contingency
is within a user-defined boundary [V,,in, Vinaxl» B, is set to zero to reduce DC voltage variation
after contingencies. On the other hand, if DC voltage profile before the contingency is close or
even out of the voltage boundary, P, can be adjusted to regulate the DC voltage after the

contingency to be within the boundary.

Assume that | Vo1 — Vnominall = || [Vop,i — Vnomiml]n”oo where V,omina: 18 the nominal DC

voltage and le{1, ..., n}. According to (4.55), P,.; can be configured as

( n
_” [Vpp,i - Vnominal]n”w Z Ri ’ Vpp,l - Vnominal >0
i=1
n

P, = (4.63)
k ” [Vpp,i - Vnominal]n”c,0 Z R;,otherwise
i=1
Therefore, (4.59) can be solved as
B, AP*
A * 1 ?21 Rl an
A oy P,  AP*
f’P'Z =3, R; - nR, (4.64)
AVooin P, AP’
B ?=1 Ri Tan_

When the communication between the secondary and primary control layers is lost but there is still
communication among different VSC stations in the primary control layer, it is possible to realize
proportional power sharing according to available headroom. The available headroom [29] is
defined as

H; =P — P (4.65)

where P} is the rated power of the i VSC.

Similar to (4.58), the post-contingency power-sharing difference AP.; should be equal to the

reference value of post-contingency power-sharing difference APCfief as
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n
AP ; = Apcfff = —AP*H; /Z H;H; = Pl — P_; (4.66)
i=1

Following similar derivation of (4.59)-(4.64), we can get

P, AP*H,
AV LR X HiRy
A Zz; P, AP'H,
o[ T2 R XL HiR, (4.67)
AVopn P, : AP*H,
>" R X, Hi Ryl

It is noted that the proposed proportional power sharing control does not require the
communication between the secondary and primary layers. But it needs the communication among
different droop-controlled converters in the primary control layer to calculate the headrooms

before contingencies.

4.2.1.2 Feedback-Control-Based Autonomous Power Sharing

As the open-loop control assumes DC voltages of droop-controlled converters to be identical, it
involves small errors to achieve accurate power sharing. A feedback control is proposed along
with the open-loop control to improve the accuracy and reliability of the autonomous power

sharing control.

Figure 4-8 shows the feedback control to adapt the voltage reference setpoint of the droop-

controlled converter. AV, ; is the adjustable voltage reference calculated by (4.64) or (4.67) in the
open-loop control. Vyy,_pp ; is the droop voltage reference setpoint from the feedback control and

1s formulated as

K.
Vo rpi = (APLT — APTe®) (K,, + ?L) + AV (4.68)

where APCTief is the reference value of post-contingency power-sharing difference, given in (4.58)

or (4.66) where AP1°® is the measured post-contingency power-sharing difference.
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Figure 4-8 Autonomous control framework.

4.2.2 Autonomous Power-Sharing Control in MTDC
The autonomous power sharing control can achieve equal or proportional power sharing without
the formulation and solution of global DC power flow which greatly reduces the computational
cost and communication requirement. However, the autonomous power sharing control cannot
realize optimal operations of DC grid, e.g., minimization of DC grid loss. On other hand, the
hierarchical control can be used to achieve optimal DC power flow. Three optimization objectives
(i.e. proportional power sharing, minimization of DC-grid loss and total DC voltage variation after
contingency) are taken into account in the secondary control layer. Adaptive droop control strategy
is utilized in the primary control layer. The three optimization targets can be realized separately,

pairwise or simultaneously using linear scalarization method [24].

4.2.2.1 Hierarchical Control Framework

In this subsection, the hierarchical control scheme, shown in Figure 4-9, is elaborated in this
section. The proposed hierarchical control consists of the primary and the secondary control layers.
In the primary control layer, the voltage reference of a droop-controlled outer loop is adaptive. The
voltage reference setpoint of a droop controller is obtained from the secondary control layer. In
the secondary layer, the proposed DC power flow considering three optimization objectives (i.e.
proportional power sharing, minimizations of DC-grid loss and total DC voltage variation after
contingency) is implemented. The proposed optimal DC power flow calculates the voltage
reference setpoints of the droop-controlled VSCs which are sent to the primary control layer via

the communication system.

4.2.2.2 Optimization Targets

Three optimization targets can be considered separately, pairwise or simultaneously according to
the operation requirements by the system operator. During contingencies, power sharing is
normally considered to be the most important as undesirable power sharing may cause converter
overloading, leading to detrimental effects on the VSCs and even unstable operation of the entire

MTDC system. Therefore, proportional power sharing is realized by equality constraints
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embedded in optimal DC power flow. Minimizations of DC-grid loss and the DC voltage variation
are set to be the optimization objectives of the proposed optimal DC power flow, so that economic

and secure operations of the MTDC system can be realized.

The degree of freedom is the difference between the amount of the variables and amount of
equations in an optimization algorithm. The degree of freedom must be a non-negative number to
ensure that the algorithm is solvable. Obviously, there is no additional degree of freedom in the
conventional DC power flow under constant droop control scheme. If voltage reference setpoint

Vpp,i 18 set to be variable, one additional degree of freedom will be obtained for each droop-

controlled VSC equation in adaptive droop control scheme. Now it is assumed that there are »
number of droop-controlled VSCs after the contingency. Then, the total number of degree of

freedom is also n.

Here, n — 1 number of constraints are added to the equation set of optimal DC power flow to

realize equal power sharing, which can be written as

Pc,post,l - Pc,pre,l = Pc,post,z - Pc,pre,z
Pc,post,z - Pc,pre,z = Pc,post,3 - Pc,pre,3 (4 69)

Pc,post,n—l - Pc,pre,n—l = Pc,post,n - Pc,pre,n

where P prei and Pg g are the active power before and after the contingency.

It is also desirable to share the power mismatch proportionally according to the available headroom.

Then, (4.69) can be reformulated as

Pc,post,l - Pc,pre,l _ Pc,post,z - Pc,pre,Z

Hy H,

Pc,post,z - Pc,pre,z _ Pc,post,3 - Pc,pre,3
H, - H, (4.70)

Pc,post,n—l - Pc,pre,n—l _ Pc,post,n - Pc,pre,n
H,_, H, |

where the available headroom H; is defined in (4.65). From the analysis above, it is noted that
there is one additional degree of freedom in the DC power flow for which system optimization can

be applied to minimize DC-grid transmission losses or DC voltage variation.
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Since high efficiency of DC-grid power transmission is very desirable, minimization of DC-grid
loss is chosen to be one of the objectives of the optimal DC power flow. The optimization problem

is mathematically modeled as

. m m
. 2
min(Pyys,) = 2 2 Gij (Vpp,i - VPPJ)
i=1 j=it+1
\ s.t. f1(P.,Vgo) =0 “71)
f, (Pc) =0
\ g(Pc' Vdc) <0

where G;; is the conductance of the transmission line between nodes i and j; m is the number of
DC nodes existing in MTDC system and assuming that i, je{1, ..., m}; f; ( P, V4.) is the DC power
flow equation; f,(P.) stands for the power sharing constraint (4.69) or (4.70); g(P., V4c)

represents the inequalities, which include DC voltage limits, convert limits and DC current limits.

A contingency in DC grid brings DC voltage variation at post-contingency steady state. Smaller
voltage variation will result in less impact on the DC grid. Optimal objective function is set up to

optimize the RMS value of the DC voltage variation by

m
. 1
min (Vvariation) = EZ(Vpp,post,i - Vpp,pre,i)2 (4-72)
i=1

where Vpp, hrei and Vi hosti are the DC voltage for the i node before and after the contingency.

Two optimization objectives have been introduced in the optimal DC power flow, i.e.
minimizations of the DC-grid loss and the total DC voltage variation. Equal or proportional power
sharing can be realized with either one of the objective functions in the optimal DC power flow.
However, achieving one optimization target may have an adverse effect on the other one. In other
words, when one optimization objective is realized by adaptive droop control, the other objective
function may be worse than that of the fixed droop control. Therefore, it is desirable to take both
objectives into consideration. If the two objective functions are combined, a tradeoff will be made
between minimizations of the DC-grid loss and the total DC voltage variation, leading to multi-

objective optimization.
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In this work, linear scalarization [66] is adopted to deal with the abovementioned multi-objective

problem. If the weighting factor is defined as w, the objective function can be expressed as

fobj =W min(Ploss) + (1 - W) * min (Vvariation) (4'73)
It is noted that w is selected by the system operator according to the actual optimization
requirement. If the value of w increases, DC-grid loss will be reduced but with larger total DC

voltage variation, and vice versa.

4.2.3 Case Studies
A five-terminal MTDC system [34], shown in Figure 4-9, is implemented in
Matlab/Simulink/SimPowerSystems Toolbox for electro-magnetic transient (EMT) simulation to
verify the proposed combined hierarchical and autonomous control strategy. VSCs-1, -2 and -4 are
operated in droop control mode with the initial voltage reference to be the nominal voltage, i.e.,
640 kV while VSCs-3 and -5 are in real power control mode with their droop coefficients to be
zero. The AC grid is represented by AC Thevenin equivalent circuits. The proposed optimization
problem (4.71) and (4.72) is implemented in Matlab using the nonlinear programming solver

fmincon to find the optimal solution of constrained nonlinear multivariable functions.

Vsc-5

G2

VSC-1 Vsc-4

1312 ol E 4D

]
ysC2 q VSC3
®

@3,

Figure 4-10 Five-terminal MTDC system.

®

4.2.3.1 Autonomous Power Sharing Control

In this case, the droop-controlled VSC-2 is forced outage at t = 0.2. Assuming that the
communication between secondary layer and primary layer is lost. Thus, the hierarchical control
strategy cannot work due to communication failure. In this situation, the autonomous control
proposed is activated to proportionally share the power mismatch according to the available
headrooms among the remaining droop controlled VSCs, i.e. VSCs-1 and -4. It is noted that equal
power sharing among the VSCs can be regarded as a special case of proportional power sharing.

Thus, the proportional power sharing is shown in the following study.
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From Figure 4- 10 (a), it is observed that, after the outage of VSC-2, the DC power of VSC-4
exceeds its rated power (650MW), while there is still much surplus headroom for VSC-1. Thus, it
is desirable if VSC-1 can share more power burden from VSC-4. It can be seen from Figure 4- 10
(b) that, the autonomous control is activated immediately following the VSC-2 outage. The power
mismatch is shared nearly proportionally according to the available headrooms between VSCs-1
and -4. The DC powers of the VSCs are all within their rated values. The accurate power sharing
result is used as benchmark in comparison with the results of the autonomous control and the fixed
control in Table 4.8. It can be seen in Table 4.8 that the ratio of the power variation against its
headroom (AP, ;/H;) is not desirable under the fixed droop control, while AP ; /H; is very close to

the accurate result under autonomous control with feedback control
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Figure 4-11 DC power of the droop-controlled VSCs under outage of VSC-2.

(a) Fixed droop control; (b) Autonomous control.
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Figure 4-12 DC voltage of VSCs under outage of VSC-2.
(a) Fixed droop control; (b) Autonomous control.
It is assumed that the DC voltage boundary is within +2% of the nominal DC voltage, i.e.,
[0.98 x 640 kV,1.02 X 640 kV]. The DC voltage profile under the fixed droop control is shown
in Figure 4- 11 (a) where the lowest DC voltage before the contingency is observed to be less than
0.97 x 640 kV, below the lower boundary. The DC voltages further decrease after VSC-2 outage.
On the other hand, Figure 4- 11 (b) illustrates that the DC voltages of all the VSCs are regulated

around the nominal value under the autonomous control.

Table 4.8 Proportional Power Sharing Results of Autonomous Controls

. Autonomous Autonomous
Fixed Accurate
VSC Droo Control (open- Control Result
No. p loop) (feedback)
AP ;/H; AP ;/H; AP ;/H; AP ;/H;
1 0.529 0.780 0.774 0.773
4 1.510 0.765 0.771 0.773

4.2.3.2 Hierarchical Power Sharing Control with Minimized Voltage Variation and
Transmission Loss

The real power of VSC-5 increases by 250 MW, to its rated power. Proportional power sharing is

achieved simultaneously with the other two objectives, i.e., minimizations of DC-grid loss and the

total DC voltage variation. This operating scenario is selected because, when one realizes one of

them by adaptive droop control strategy, the other one may be even worse than the results of fixed
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droop control. The results of linear scalarization algorithm to solve this multi-objective

optimization problem are demonstrated in this case.
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Figure 4-13 Relationships of DC-grid loss and DC voltage variation with w.
(a) DC-grid loss; (b) DC voltage variation.

Figure 4-12 (a) shows the relationship of DC-grid loss and the weighting factor w. The DC-grid
loss keeps reducing and finally comes to a nearly constant value of around 16.7 MW when w goes
from zero to one. In contrast, Figure 4-12 (b) witnesses an opposite tendency of the DC voltage
variation. The red dashed lines in Figures 4-12 (a) and (b) stand for the DC-grid loss and voltage
variation under fixed droop control, respectively. In order to make both the values of objectives

smaller than those under fixed droop control, the desired value range of w is obtained as

044 <w < 0.47 (4.74)

4.2.1 Summary

In this subsection, a combined control scheme composed of autonomous control and hierarchical
control is proposed for the MTDC system. The autonomous control enables equal or proportional
power sharing while regulating the voltage profile to the nominal value without communication
system. However, it cannot realize optimization targets since optimal power flow is not used in
the autonomous control. On the other hand, the hierarchical control can achieve accurate power
sharing with various optimization targets, e.g., minimizations of voltage deviation and
transmission loss, it requires communication system between the secondary and primary layers.

Therefore, the two control schemes can operate in a complementary fashion in a generalized

control framework.
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A five-terminal MTDC system modeled in Matlab/Simulink demonstrates the effectiveness of the
proposed control strategies. From the results of the case studies, it can be observed that the two
control schemes can both realize desirable power sharing among the droop controlled VSCs.
However, the autonomous control acts much faster than the hierarchical control as it does not
require solving DC power flow and the communication system between primary and secondary
layers. The hierarchical control is employed as the normal control strategy since it can realize
various optimization targets in addition to desirable power sharing. During communication loss or
rapid power variation caused by renewable energy sources, autonomous control is adopted to share

the power mismatch among the droop controlled VSCs.
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S5 Concluding Chapter

5.1 Conclusion

Sustainable energy future calls for the development of large-scale onshore and offshore wind
power generation. Offshore wind farms are growing rapidly due to the advantages of less wind
variation and space restriction. Generally, offshore wind farms are located far away from the main
AC grid. Therefore, a VSC MTDC system seems a more suitable solution than a high-voltage AC
system because of its distinct advantages and flexible control capabilities. In the MTDC grid, the
VSC stations use one of the three main control schemes: constant power mode, constant DC
voltage mode, and the droop control mode. In the constant DC voltage control mode, when a
converter outage occurs in the voltage control station, the stability of the MTDC grid is deteriorated
significantly. In this case, the droop control scheme seems more reliable than the constant DC
voltage control mode since the droop-controlled buses share the function of the DC slack bus,
greatly alleviating the impact of converter outage. However, all variants of droop controls result
in the deviation of the voltage from the nominal value in the steady state. On the other hand, system
operators need to regulate the average voltage of the DC buses, especially for an MTDC grid with
large power flow and long transmission distance. Another challenge of operating the MTDC grid
is to automatically share the power demands among the converter stations after transients, in order
to minimize the influence on the adjoining AC system. The objectives introduced in subsection

1.3 are achieved throughout this thesis as described in the following:

The Objective 1, which proposes two improved sequential power flow algorithms for AC-MTDC
grid under DC power-voltage droop control, is accomplished in Chapter 2. The second proposed
algorithm is based on the first one with higher efficiency and negligible errors. Compared to the
conventional sequential power flow methods, it is shown that the proposed algorithms have much
less computational burden than the existing approaches while maintaining their calculation
accuracy under two types of system contingencies in the interconnected AC-MTDC grid consisting
of an IEEE New England 39-bus AC grid integrated with a six-terminal MTDC grid. Additionally,
based on the proposed AC-DC power flow methods, an optimization algorithm to minimize the
total loss of the AC-DC grid or the DC voltage deviation after the change of operating conditions
is proposed. The adaptive droop control strategy is used to achieve the optimization targets by

dynamically adjusting the active power references of the droop-controlled MMC stations. The two
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optimal targets can also be realized together with compromise by employing the linear
scalarization method. The results of static and dynamic simulation studies verify the validity and
feasibility of the proposed adaptive droop control based optimal power flow method. The static
simulations show that two optimal targets, achieved by the proposed adaptive droop control
strategy, are smaller than 100 random samples. The dynamic simulations demonstrate that the
proposed optimization method can reduce 11.3% of system loss and 50% DC voltage deviation
compared with the fixed droop control. The proposed OPF algorithm is based on the adaptive
droop control scheme in which the OPF decision variables are the power references of the droop
controlled converters. Therefore, the adaptive droop control method can realize the optimization
targets without the negative impact on the stability of the AC-DC grid assuming that the system
operating points experience small changes. The proposed power flow algorithms for AC-DC
sequential power flow approach can also be applied to the unified power flow approach as well as

the microgrid.

The Objective 2, which proposes a new method to regulate DC line power flow based on the
adaptive DC voltage droop control strategy, is achieved in Chapter 3, where a DC line power flow
regulation method is proposed based on an improved HVDC grid analytical model and the adaptive
droop control method. The proposed method can autonomously regulate the targeted DC line
powers to the predefined values or share the powers among DC lines proportionally without
solving DC grid nonlinear power flow equations. The proposed control strategy can operate under
various contingencies including converter outage, power variation, and DC grid topology change.
The proposed DC line power flow regulation strategy is validated under various contingencies
using the study system of a five-terminal MTDC grid. The simulation results, which are
implemented using MATLAB/Simulink Simscape Blockset and OPAL-RT RT-LAB libraries
show that the proposed approach can regulate multiple DC line powers or share the DC line powers

proportionally with minor errors.

The Objective 3, which proposes novel autonomous control methods to regulate average DC
voltage and share the power burden proportionally using the adaptive droop control strategy, is
accomplished in Chapter 4. Firstly, two autonomous control methods are proposed to regulate
average DC voltage and share converter power burden proportionally, using adaptive droop control

strategy. The proposed Method I utilizes the DC grid lossy model with the LVDC scheme, while
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the proposed Method II adopts an MCVDC strategy in the DC grid. The performance of the
proposed autonomous control methods is verified using dynamic simulations under various
disturbances, i.e., power variation, converter outage, and DC cable disconnection. Moreover, both
N — 1 and N — 2 contingencies are included in the simulation studies. From the simulation results,
it is observed that the proposed methods can realize average DC voltage regulation and power
sharing simultaneously with very small errors. The proposed Method II is more accurate than the
proposed Method I although it requires the communication of a common voltage signal among the
VSC stations. Lastly, a combined control scheme composed of autonomous control and
hierarchical control is proposed for the MTDC system. The autonomous control enables equal or
proportional power sharing while regulating the voltage profile to the nominal value without
communication system. However, it cannot realize optimization targets since optimal power flow
1s not used in the autonomous control. On the other hand, the hierarchical control can achieve
accurate power sharing with various optimization targets, e.g., minimizations of voltage deviation
and transmission loss, it requires communication system between the secondary and primary layers.
Therefore, the two control schemes can operate in a complementary fashion in a generalized

control framework.

5.2 Future Work

Based on the existing research, the following potential works are listed below to be realized in the

future.
o Frequency Support by Adaptive Droop Control Method

Integrating wind turbines decreases the inherent inertia of the AC-MTDC grid, which will have
adverse impact on the frequency stability of the interconnected AC-DC system. By incorporating
the frequency deviation into the d-axis of the VSC inner current control loop, the adaptive droop

control method can participate in frequency support for the weak-connected AC grids.
. DC Line Flow Control with Insufficient Degree of Freedom

The autonomous DC line flow method realized by adaptive droop control method proposed in
Chapter 3 is based on the assumption that sufficient degree of freedom is provided by adaptive
voltage references. In other words, the number of VSC stations utilizing the adaptive droop control

scheme is greater than the controlled DC line powers. However, the proposed method cannot work
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when there is insufficient degree of freedom. In this case, besides the voltage references, the droop
coefficients/slopes also need to be adaptive. However, varying the droop slopes will affect the
stability of the MTDC system. Thus, small signal stability and transient analyses of the AC-MTDC

system are required to be performed for the adaptive droop control using droop slopes.
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