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Abstract

Power systems with voltage source converter-based multi-terminal DC (VSC-MTDC)
have received great interest in both the academic and industrial worlds in recent years. The
introduction of VSC-MTDC systems into the power system industry brings not only
significant benefits but also severe challenges due to the complex structures, different
operating behaviors, and dynamic features of VSC-MTDC. State estimation (SE), an
important function in the Energy Management System (EMS) for real-time monitoring, has
become a challenging issue for VSC-MTDC systems. The traditional approach to dealing
with this problem only considers the quasi-steady status of a VSC and ignores its dynamic
features. Therefore, an in-depth study is presented in this dissertation to propose a

generalized, high-efficiency, and accurate SE method for VSC-MTDC systems.

First, a systematic and detailed comparison is presented between two conventional
methods, the unified method (UM) and the sequential method (SM) in three aspects,
including estimation accuracy, computing speed and robustness. Detailed simulations and
in-depth analysis point out the most applicable situations of each method. Results indicate
that the SM associated with fast decoupled state estimation (FDSE) has the best overall
performance. Therefore, the SM-FDSE is selected as the main method to be improved for

SE analysis.

Second, graph-based computation is leveraged to facilitate the computing speed of the
SM-FDSE. By modeling the system as a graph with vertices and edges, advanced parallel
techniques including node-based parallel computing (NPC) and hierarchical parallel

computing (HPC) can be used to accelerate SE computation. In addition, in view of the



topology of VSC-MTDC systems and the shortcomings of the conventional SM, improved

methods are also proposed to gain better convergence speed without compromising accuracy.

Third, this dissertation presents an estimation of VSCs with various types of droop
control. A new bound-constrained nonlinear least square (BCNLS) algorithm is utilized to
estimate VSCs with two-stage droops. In addition, to avoid divergence in the iterative

calculation, the Levenberg-Marquardt method is leveraged to adjust searching steps.

Finally, another dynamic feature of operating limits on VSCs is taken into consideration
for SE analysis. The capability of fast adjustment and self-regulation of VSCs is modeled as
the equality constraints on the SM and subsequently solved by using Lagrangian relaxation.
Therefore, the operating limits can be correctly reflected in estimations. In addition, the
proposed estimator is further enhanced with Hachtel’s Augmented Matrix method to take
bad data identification into consideration. Lagrangian multipliers can subsequently be used

to help eliminate gross errors.

Keywords: bad data identification, bound-constrained nonlinear least square (BCNLS),
droop control, Lagrangian relaxation, operating limits, sequential method (SM), state

estimation (SE), unified method (UM), VSC-MTDC.
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Chapter 1 Introduction

This chapter discusses the general functions and features of SE analysis, together with

the techniques and the development of modern VSC-MTDC power systems.

1.1 Overview

To monitor and operate a power system accurately and safely, steady-state analysis is
essential. The first and perhaps the important procedure is SE, which is utilized to filter out
the errors and uncertainties in the massive measurements and consequently provide clean
and accurate operating states for the following analyzing functions, such as power flow and
contingency analysis. After over four decades of development [1], mature SE methods have
become an integral part in the modern EMS. Mature and reliable SE approaches have
demonstrated their efficiency and accuracy for AC systems [2]-[3]. In recent years, the
growing needs for larger transmission capacity, longer transmission distance, greater
reliability associated with the increasing penetration of renewable energy resources and the
requirement of constructing ultra-wide-area systems have brought challenges to the
traditional transmission network [4]-[5]. Therefore, VSC-MTDC techniques have aroused
great interest in both academic research and engineering projects. However, the relevant
research entails the added complexities of modeling the topology and steady-state operations

of VSC-MTDC systems, which creates the following difficulties for SE.

e The implementation of VSC-MTDC techniques significantly expands the scale of power
systems. Namely, there are more generations, load buses, transmission lines, and devices for
control and conversion interconnected via AC and DC connections in the hybrid system [6]-

[7]. Therefore, the computing burden is likely to be heavier than ever before.



e The topological connections, measurements and state variables of power electronic
equipment complicate the modeling of SE formulation. In particular, as fully-controlled
devices, VSCs introduce various control strategies that include different pre-set parameters
and controlling coefficients. The accuracy may decrease if the topology and devices in the

VSC-MTDC systems are not carefully modeled [8].

e The flexibility and capability for quick-adjustment of VSCs ensure that the operating
ranges are strictly guaranteed without limit violations [9]-[10]. These specific features in
VSC-MTDC systems are likely to result in the failure of conventional SE approaches owing

to the neglect of the operating limits.

To overcome these difficulties and solve the aforementioned problems, it is necessary to

propose a new SE approach for VSC-MTDC power systems.

1.2 Brief Description of State Estimation

The mission of SE is to convert redundant, noisy, and uncertain measurements and other
available data into the reliable and accurate operating states of a system. This section first
briefly introduces the components and functionalities in SE analysis to illustrate the main

research objects in this dissertation.

To ensure the safe operation of a power system, continuous monitoring is essential for
operators to observe the operating conditions and maintain the system in a safe state. In a
modern EMS, SE is the first procedure in order to achieve reliable and accurate values for
the following analysis functions, such as steady power flow, optimal power flow and
contingency analysis. A complete and fully-functional SE process should include the

components of topology processing, observability analysis, central estimation solution



(CES), bad data identification (BDI), accuracy evaluation, etc. [11]-[13]. The representative

schema of a complete SE, together with other system analysis is shown in Figure 1.1.

In general, as depicted in Figure 1.1, there are five main components in a fully-functional

SE. The functionalities of each part are described as follows:

» Topology processing or network topology processing, is responsible for providing the
connecting relationships of the measured system by identifying the electrical nodes and

branches, generating proper trees, and configuring state vectors.

« Observability analysis is needed to determine if the estimations are achievable based on
the given measurements and topological information. This process can be done off-line or
on-line to detect the isolated observable islands in order to avoid SE failure for the entire

system [14]. In particular, only an observable area can be state estimated.

« ACES, which is the core function in SE, utilizes different algorithms to efficiently exploit
all types of redundant measurements and produce reliable estimations of system state.
Besides the telemetered measurements, pseudo-measurements such as zero-injection,
generator MVAr limits, load power limits and voltage limits can also be taken into
consideration to increase redundancy and enforce the logic. Full WLS and FDSE are the two
most commonly-used approaches [15]. However, accuracy and reliability can be greatly
jeopardized if some measurements deviate significantly from reasonable ranges. Therefore,

bad data must be eliminated to ensure the accuracy of SE.

« BDI is the task to be carried out following the CES, in order to identify and remove the
bad data in the measurements in the previous CES. In general, measurement errors can be

classified into two categories, namely analog measurement errors and network parameter
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errors. The analog measurements consist of voltage magnitude, line current, power injections
and other telemetered measurements. The corresponding errors come from random noise
due to the uncertainty of measuring equipment and communication interference. The
network parameters refer to the intrinsic information such as line length, tap changer position,
temperature, etc. [16]. This type of error usually comes from improper updates in the
database and the miscalibration of mechanical devices. The CES and BDI are performed in

pairs until no bad data exists.

« Accuracy evaluation is the process of comparing the estimated results, the measurements
and true values in order to assess the approach used in the CES [17]. By introducing accuracy
indices, different approaches can be compared, and the best approach for a specific system
can be selected. Furthermore, a sensitivity analysis can also be done to sort out the most

influential measurements [18].

In this dissertation, three assumptions are made to narrow this work: 1) The topology is
given in advance; thus, topology processing is not needed. 2) The measurements are
redundant and sufficient to ensure the observability of the system; thus, the observability
analysis is omitted. 3) The network parameters such as line admittance and transformer taps
are accurate and fixed; thus, only analog measurement errors should be dealt with. Based on
these assumptions, this dissertation focuses on proposing a new CES approach for VSC-
MTDC power systems. Meanwhile, accuracy and reliability are verified by performing BDI

and accuracy evaluation.



1.3 Brief Description of VSC-MTDC Power Systems

The topic of SE methods for hybrid AC/DC power systems is not a new one, indeed
research on this topic spans three decades [19]-[20]. The rapid development of DC
techniques raises continuous challenges for SE analysis, such as topological complications,
scale extension, the formulation of new electronic equipment, and mathematical modeling
of featured control strategies. Some of the theoretical foundations of previous research are
still utilized for state-of-the- art techniques, while some improvements must be made to meet
the current needs of SE analysis. This section briefly introduces the development of DC
techniques and points out the pressing challenges brought by modern VSC-MTDC power

systems.

1.3.1 Development direction of hybrid AC/DC systems

Many hybrid AC/DC systems have been installed around the world since the first
commercial installation in Gotland, Sweden in 1954 [21]. Though the Gotland system used
the obsolete technique of mercury-arc valves, it demonstrated the feasibility and advantages
of constructing a hybrid AC/DC system to the world of power engineering [22]. With
increasing demand and greater supply flexibility, DC links were no longer limited to simply
connecting isolated areas. Thyristor valves, which benefit from the features of large
transmission capacity and silicon-controlled ability, were introduced into commercial usage
in 1970. Since then, LCC-based techniques have helped to transport energy among ultra-
wide regions at extremely high voltages (i.e. 800kV) and construct modern HVDC
transmission systems [23]. In recent years, the increasing penetration of renewable energy
exerts new pressure on engineers to enable more integration and boost reliability. VSC

technology, which is based on IGBT thyristors, offers numerous benefits for composing the



more complex VSC-MTDC systems connecting multiple asynchronous grids. The scale of
early VSC-based hybrid systems was subject to the transmission capacity of converters.
Thus, VSCs were mainly used for connecting short-distance offshore windfarms and for
supplying islands [24]. Recently, the capacity restriction has been significantly widened as
the upper range of VSCs can now reach over 3,000 MW and +640 kV [25]. Now, therefore,
more ultra-wide-area and high-capacity VSC-MTDC power systems are in use or planned

[26]-[28]. The key development timeline is illustrated in Figure 1.2.

In summary, it is noticeable that VSC-MTDC power systems have become very

promising and important components in the modern power engineering world [30].

1.3.2 Challenges brought by VSC-MTDC power systems

Based on the aforementioned development of VSC-MTDC technologies and a relevant
study [31], the integration of VSC-MTDC power systems can bring three main aspects in

the existing SE methods for hybrid AC/DC systems.

Challenge 1: System scale. One of the most important assumptions in SE analysis is that
the supervised system is steady over time, which means there are no large variations during
the SCADA sampling period. To guarantee this assumption, the execution of SE should be
finished within several seconds [32]. To allow for closer monitoring, the time interval
between consecutive SEs should be further shortened as well. However, the scale of VSC-
MTDC systems can be significantly large given the systems’ capability for connecting
multiple isolated AC grids. Thus, more computing time is needed to deal with more

measurements, state variables and system parameters.
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Challenge 2: VSC modeling. The challenge of VSC modeling can greatly affect SE
accuracy. The proposed SE formulation of VSCs should include not only steady operating
expressions but also different controlling equations. Beyond the conventional constant
values control, VSCs have more flexibility to operate in droop control modes that contain
additional and unique parameters and features. Therefore, to provide accurate and reliable

estimations, all control strategies should be formulated for SE analysis.

Challenge 3: Operating limits. Compared with traditional generators and other AC
equipment, VVSCs can fast-regulate their output and self-adjust to new operating points once
the restricted limits are violated. Benefitting from the PWM and PI controller, adjustments
can be done accurately in a very short time. Therefore, VSCs are supposed to have clear
operating limits and no violations can occur. However, measurement errors can affect the
estimations of VSCs and violate the limits. To solve this problem, the proposed method

should also take this feature into consideration.

1.4 Dissertation Outline

Chapter 2 compares two main methods, namely the UM and the SM, for estimating VSC-
MTDC power systems. The test results are evaluated in three aspects including estimated
accuracy, computing speed and robustness. The comparison study indicates that the SM is

more suitable as the theoretical foundation to develop the new approach in this dissertation.

Chapter 3 presents graph-based computation to further accelerate the SM for VSC-
MTDC systems. Parallel computation can be implemented in the SM after the original

system is stored in GDB. Advanced parallel methods including NPC and HPC can naturally



accelerate the SM. In addition, this chapter also proposes a virtual connection method to

achieve better convergence speed without compromising accuracy.

Chapter 4 first presents the SE model of VSC-MTDC systems with various types of
droop control. The droop coefficient can be estimated as a state variable in the new model.
In addition, for complex two-stage droop control, the BCNLS algorithm is proposed to
provide reliable and accurate estimations. Furthermore, the LM method is leveraged to help

improve the searching steps during iterations.

Chapter 5 presents an in-depth study on the operating limits of VSCs. In this chapter, the
behaviors and sequences of the adjustment and regulation when operating limits are violated
are analyzed. Afterwards, the operating limits are modeled as equality constraints associated
with WLS equations. The new measuring equations can be solved by using Lagrangian
relaxation to accurately reflect the dynamic features of VSCs in SE analysis. In addition, to
eliminate deterioration from gross errors, the inner estimator is further enhanced by

leveraging the HAM method to identify bad data with the help of a Lagrangian multiplier.

Chapter 6 concludes the dissertation and discusses the potential directions for future

work on robust SE for VSC-MTDC systems.
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Chapter 2 Comparisons of the Unified and Sequential
Methods for VSC-MTDC Power System State Estimation:

Accuracy, Computing Speed and Robustness

This chapter compares the two most widely-used methods, UM and SM, in dealing with
the SE problem for hybrid systems including the conventional LCC based and VSC based
systems. Since most of the early-proposed SE approaches were developed and improved
based on these two methods, it is important to point out the advantages and shortages of both
methods. However, the selection of previous studies mainly depended on the fuzzy
engineering experiences, leading to the unclear and insufficient supports on developing new
SE approach for modern VSC-MTDC power systems. Therefore, it is necessary to give the
quantitative analysis and choose the suitable method as the theoretical basis to develop the
new SE approach in this dissertation. Three important aspects, including estimation accuracy,
computing speed and robustness, are compared by testing the two methods in various cases.
Test results indicate that SM can better suit SE analysis for VSC-MTDC power systems, and

the new approach in this dissertation is developed from SM.

2.1 Introduction

The growing deployment of renewable energy sources associated with the utilization of
VSC technologies is redefining the modern power grid by supporting larger operating
capacity, longer transmission distance, more flexible power exchange and greater reliability

[33]-[35]. Benefitting from the capabilities of independent and flexible controlling strategies
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[36] and flexible control strategies [37], extensive MTDC systems have been introduced to

cooperate with AC power grids in recent years and the near future [38], [39].

However, the penetration of VSC stations and DC links also significantly add the
complexities of both system topology and operating modeling, leading to some research
issues in the EMS [40]. Consequently, the monitoring of the extended DC connections
alongside the conventional AC grids is very important. One urgent and important issue of
analyzing the VSC-MTDC power systems is the SE, which is utilized to filter out the errors
in raw measurement data and provide the reliable estimations. Compared with the AC
transmission systems which can be well estimated by applying the mature WLS algorithm,
the widely-accepted SE method for the hybrid AC/DC systems is still under discussion
although some approaches were proposed in the early literatures. The relevant literature
includes several studies dedicated to estimating the hybrid systems, and these studies can be
generally classified into the Unified Method (a.k.a. the Simultaneous Method) and the
Sequential Method. The UM, which was leveraged in [41]-[45], uses the simultaneous
approach to integrate all the measurements, state variables, errors and operating models of
both AC and DC grids. The integrated problem can be subsequently solved by using WLS
algorithm and the estimations of the entire system can be achieved [43]. Note that the
interface measurements and variables of the PCCs are incorporated into the estimator, UM
is assumed to have better convergence and robustness by using the typical converter model
[46]. Whereas, UM requires reprogramming the estimators and fails to utilize the existing
approaches for AC grids. The involved Jacobian and Gain matrices are modified by adding
the equations from DC links, leading to the poor usability of the FDSE which is efficient and

timesaving for AC grids [47]. Thus, the computing time of UM can increase dramatically
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when used in estimating large-scale hybrid systems [48]. The SM, which is studied in [49]-
[51], by comparison, decouples the original hybrid systems and subsequently estimates the
AC and DC grids (including converters) separately. By comparing and updating the interface
data at PCC from both AC and DC sides, the computation is performed sequentially until
the global convergence is achieved. SM has the major advantage of being easily
implemented as an extended function to AC estimators. The existing approaches are
remained and exploited to model the DC measurements as pseudo injections. The double-
layer computing loops in SM may also increase the computing time [52], [53]. Furthermore,

the estimation accuracy can be lower if FDSE is utilized.

Both UM and SM are leveraged by researchers and operators to develop improved
approaches to facilitate the estimation of VSC-MTDC systems. Whereas, it is controversial
that which method is more adoptable and the selection in previous work was mainly based
on engineering experience. Convincing and detailed comparisons on different important
aspects are not given between the two methods. First, the estimation accuracy is the most
important criterion in the selection and the estimator should provide unbiased results in all
circumstances. Lower accuracy may occur in UM when the AC/DC system composes of
several independent grids. The measurements of each area are transmitted and synchronized,
leading to the accumulation of errors due to different sampling time and long-distance
communication noise [50]. The accuracy of SM may also be affected if the interface data at
PCC is treated as pseudo injections in the simplified model [48]. Furthermore, in view of the
increasing scale of the VSC-MTDC systems, the calculation of SE can be time-consuming
due to the size and complexity. However, as part of the real-time monitoring functions, the

estimations should be given within several seconds [54]. Both Jacobian and Gain matrices
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of UM are extended to include the operating functions and variables of VSCs and DC links.
On one hand the matrices become bigger and requires more computing time, and on the other
hand, the problem can only be solved by using WLS which is slower than FDSE [42].
Although SM leverages existing AC estimators, sequential calculations with inner/outer
loops should be executed until achieving global convergence, leading to longer computing
time. Another key criterion of SE is robustness to abnormal conditions such as low
redundancy, PCC measurements missing and data with large deviations. Previous research
tested both methods in normal conditions and ignored some specific conditions that can

degrade the reliability more significantly of one method over another.

Motivated by these concerns, this paper makes the contribution of comparing the UM
and the SM in view of estimation accuracy, computing speed and robustness. A series of
tests are performed on various VSC-MTDC systems with different scales, topologies, and
measuring data. Test results are compared and summarized to denote the most applicable
conditions for each method. Consequently, this work provides convincing and reasoned

guidance to help researchers and operators to select the better method for specific systems.

The remainder of this chapter is arranged as follows. Section 2.2 briefly reviews the
formulation and calculation methods of the state estimation problem. Section 2.3 presents
the processes of UM and SM based on the generalized SE model of VSC-MTDC systems.
Numerical comparisons on the estimation accuracy, computing speed and robustness are

reported in Section 2.4, Section 2.5, and Section 2.6. Conclusions are outlined in Section 2.7.
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2.2 Background of SE Problem
2.2.1 Formulation of WLS algorithm

Static SE is an important function for identifying the operating state of a system with
reliable estimated values from noisy but redundant measurements. The SE model can be
defined with the relationships between the measurement vector z (m-dimension) and the state

variable vector x (n-dimension) as:

z=h(x)+e (2.1)
where h is the nonlinear operating functions relating measurements z to state variables X, e
is the error vector. Given that the measurements are redundant (m > n), (2.1) is an
overdetermined and can be solved as an optimization problem. The extensively used

approach is WLS algorithm utilized to minimize the following converted problem:

J(X)=[z=h(X)]'W[z -h(x)] (2.2)
where W is the weight vector and is equal to R™1, R is a diagonal matrix made up of the
standard deviations (&) of measurements. According to the first-order optimally conditions

and Taylor series [45], (2.2) can be iteratively solved with NR method:

G(x)AX" = HT (x*)W[z - h(x)]

k+1

x* = x* + Ax @3)

where H(x*) = dh(x)/dx is the Jacobian matrix and G (x*) = HT (x*)WH (x*) is the Gain
matrix. More detailed descriptions and conditions of the WLS algorithm are discussed in
[47]. The process is repeated several times to get the desired accuracy (JAx**1| < ¢) of

estimated variables.
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2.2.2 Formulation of FDSE algorithm

Although the WLS algorithm is well-defined to solve (2.2), it also brings computational
burden on generating and inversing matrices H and G in every iteration. The computing time
of performing WLS can dramatically increase for large-scale systems [56]. In analogy with
the fast-decoupled power flow method, the sensitivity of the active/reactive power to
changes in the voltage angle/magnitude is high for AC transmission systems. Measurements

and state variables can be subsequently partitioned as:

2=[z, 23], X =[Xp, Xg LW =[W,,, W, ] (2.4)

Matrices H, G and W can be correspondingly represented as:

ohy(x)  ah,(x)
H = 2 28 _ HAA HAR ~ HAA 0 (2.5)
ahR (X) ahR (X) H RA H RR O H RR
OX, OXg
G- (CIC . Guw O _ HLW, H ., 0 26)
GRA GRR 0 GRR 0 H ;RWR H RR

where the subscripts A and R stand for active and reactive components, respectively.
Furthermore, assume that all voltage magnitudes are close to 1.0 p.u. and the neighbouring
buses are in phase with each other, Hy, and Hgg can be further simplified to the constant
matrices in terms of the admittance matrix [47]. (2.3) can be consequently partitioned and

solved as:

{GAA(xt\)Axi“ = R (OWLz - h ()L X =X e

Gz (X;)AX;H =H ;R (XlF(e Welzg —hee (X2)], X;H = X; + AX;H
(2.7) denotes that the active and reactive SE can be solved separately with constant

matrices in terms of the admittance elements. Despite more iterations, it’s more efficient and
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timesaving than WLS because the processes of generating and inversing the matrices are
only performed one time in the analysis. FDSE is widely accepted and implemented in

control centers, providing reliable estimations with less computing time.

2.3 Generalized formulations and calculation processes of UM and SM

This section presents the generalized formulations and calculation processes of UM and
SM based on the complete VSC models from previous studies. The summaries of both

methods can be further analyzed in the following sections.

2.3.1 SE model of VSC-MTDC power systems

A typical VSC-MTDC system can be represented in a general format in Figure 2.1,
which includes a power flow model (Figure 2.1(a)) and a topological model (Figure 2.1(b)).
Obviously, the system can be naturally decoupled into three subsystems, the AC grids, DC
grids and the interface connections including PCC and converters. Xg; and R; represent the
equivalent reactance and resistance. As shown in Figure 2.1(b), the decoupled system can
be modeled separately with different operating equations, variables, and measurements. First,

the SE equations of AC grids are given as:

Pri=2U, Uy (G, C0SG; + B, ;sing) +e,

ac,i ac,i— ac, j \“ac,ij ij ac, ij
jei

Qac.—ZU U, ;(G,.;8in6; —B,.; c0s6,)+e,

ac,i~ ac,j \“ac,ij ij ac,ij
Par:u _UaC|gac ij Uac anc jgac ij COS@ Uac |Uac Jbac ij Sme" +ePacyij (28)
Qac ij ac i (bac ij + yc) Uac |Uac jgac ij sin 9 +Uac |U ac, jbac ij cos eij +eQac,ij
Ur. =U,

ac,i aci

ac, ij ac,i ac, j ac,i~ ac, j

| \/(SZJaC.J+b2 JUZ,+UZ —2U, U, c0sb,) +e

acij
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Figure 2.1. Single-phase models of a VSC-MTDC system (a) power flow model. (b)

topological decoupling model.
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where U, ;, 6; is the voltage magnitude and angle at bus i, G,c;j, Bqc,ij IS the iji" element of
the real and imaginary part of the admittance matriX, gqcij, bac,ij and y. stand for the
admittance of branch ij and the shunt, respectively. The superscript m stands for
‘measurement’. Measurements of line currents are not commonly used due to the distortion

of non-linear loadings [57].

The measurement equations of DC grids can be formed as:

Pdr:l_Udm_Z dcu(Udc,i_ dCJ)+e

PdCIj
m —

Pdc i dc,ij (Udc,i - dc,) +epdc,j
m —_—

Udci _Udci —i—eudc‘i

dCI= z dcu(Udc,i_ dcl)+eld,

i, jzi

(2.9)

where Uy, I4c,; and Py ; stand for the voltage, current and power injected at DC bus i,

respectively. Y, is the admittance matrix of DC grids.

The summarized complete model of the coupled connections is presented as:

U,U, -U,cosds)+ XU, sing,

Psliﬂ_ SI si R2+X2 si— si— ci ePS
m SI si (U Uci C085i) RSIUSIUCI Sln 5
Qsi - R2-+X2- er
pM — SI CI(U Usi COSé})_XSIUSIUCI Sm5
5 = RZ . X2 +e (2.10)
m . COSJ,)+ sin
XU —Ugc086) +RU U sing;
. RZ+ X2 @
Ug =Ug+e, ,Ug =U; +e,
M= JU2+UZ-20,U, coss)/ (R2+X2) +e,

where §; equals to (6,; — 8.;). Furthermore, the relationships of power balance and voltage

conversion via VSC can be given as:
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U. - ,UMiUdc,/
d 2 (2.11)
Pi =Pei+ R

loss,i
where p is the DC voltage utilization and M; is modulation index. Py, ; is the converter loss

which can be represented in terms of the converter current as:

I:1oss,i :a'i +b||si +Ci|52i (212)
where a;, b; and c; are coefficients. In general, the SE models of DC grids and the interface
connections can be integrated to simplify analysis. The generalized formulations are

consequently given from (2.8)-(2.12), and the sets of measurements and state variables are

listed in Table 2.1.

Furthermore, both the active and reactive power injection of VSC can be independently
controlled with constant P; /U, (active power model) and constant Q,/U, (reactive power
model). Therefore, the preset operating values can be used as pseudo-measurements with
high weights in SE analysis. UM and SM have different approaches to deal with the interface
measurements and variables, the detailed calculation processes are given in the following

section.

2.3.2 Calculation processes of UM and SM

As aforementioned, UM integrates all the involved measurements, state variables and

SE equations as a whole problem to solve. The new equations are given as:

z

ac

hac (Xac ! Xdc

hdc (Xac ! Xdc )

€
edc

ac

(2.13)

ch

The corresponding H and G matrices are given as:
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Table 2.1. Measurements and state variables of VSC-MTDC systems.

Type AC side DC side

_ rpm m m m
Zac Zgc = [Pdc,iipdc,ij' dc,i»tsi»

— pm m m m m m
- [Pac,i' ac,ij’ Qac,i' Qac,ij' Uac,i' (Iac,i ] Q;rll, PCT?, le, UST?, UZ?, (, I;ril, I;? ]

Measurements

State variables Xac = [Uac,i» Oac,i] Xac = [Ugci, My, 6;]
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oh, oh,
H — Hac—ac Hac—dc — aXac 6Xdc ,G — HTWH — ac—ac Hdc—ac ’\Nac 0 Hac—ac Hac—dc
H dc-ac H dc—dc % % ac—dc H dc—dc 0 Wdc H dc-ac H dc—dc

OX,, OXy
(2.14)

The flow chart is denoted in Figure 2.2. Obviously, the interface voltage U¢'; is replaced

by the connected AC bus voltage U

ac,i*

Inversely, SM leverages another strategy by performing the inner and outer computing

loops to do SE analysis for AC and DC grids separately as shown in Figure 2.3.

Within the inner loops, the AC and DC grids are estimated independently based on the
corresponding input data. Note that the power injections from DC sides are modeled as the
dummy loads or generations, and the AC estimations can be solved by using both WLS and
FDSE. The estimations are subsequently used to update the interface measurements for the
following SE of DC grids. Within the outer loops, the interface data from both AC and DC
sides are compared to check global convergence and updated if needed. The flow chart of
SM is given in Figure 2.4. Note that the interface voltage value is estimated from AC side
and used as the constant value in DC grids. Furthermore, the measurements of power
injection PJ* and Q;} are updated in each inner calculation from both AC and DC sides

based on the corresponding estimations.

2.3.3 Brief summaries of UM and SM

Both UM and SM have been utilized as the basic methods and various improved

estimators are derived from both methods. The significant similarities, differences and
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Figure 2.2. Generalized computing flow chart of UM (X is the estimation).
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Figure 2.3. Inner and outer computing loops of SM.
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Figure 2.4. Generalized computing flow chart of SM (X is the estimation).
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unique features of both methods are briefly summarized in Table 2.2.

Besides the general summaries, more detailed comparisons should be given by testing
on different system on multiple scenarios. The comprehensive comparisons are given in the

following sections.

2.4 Comparison of estimation accuracy
2.4.1 Instructions and testing environments

Providing reliable and unbiased estimations from redundant but noisy measurements is
always the primary consideration in SE. In this section, the generalized SE methods for VSC-
MTDC systems are tested on two modified systems under different measuring conditions to
compare estimation accuracy. First, the testing environments of both hardware and software

are listed in Table 2.3.

The measurement data is simulated from the power flow results calculated by MATALB
and PSS/E, and then added with random errors that satisfy Gaussian (Normal) distribution
N~(0,0), in which ¢ is the standard deviation. Both UM and SM are programmed in their
most generalized forms in MATLAB and call some functions from MATPOWER [58] and
MatACDC [59]. To guarantee the reliabilities of results, all tests are performed 50 times to
reduce accidental errors. The estimated results are directly compared with the true values to
verify the accuracy. Performance index is adopted to denote the overall accuracy and smaller

index value denotes better accuracy as [42]:

exact
i

g‘:meanﬂzi -z

/ai} (2.15)

where Z, is the estimated measurement and z£*%t is the true value based on power flow
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Table 2.2. Brief summaries of UM and SM.

Summaries

UM

SM

Similarities

1. Measurements, state variables, errors and SE equations are the same.
2. Both methods can be solved with WLS algorithm.

Differences

Unique

features

1. Only WLS algorithm is suitable.
2. Single calculation loop.

1. Both grids have the same
convergence.
2. Data from all areas should be
integrated and calculated

simultaneously.

1. Both WLS and FDSE algorithms
can be used.
2. Double calculation loops.
1. The interface data is updated from
both sides.
2. The initial measurements is
corrected in the sequential

calculations.
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Table 2.3. Testing environments of hardware and software.

Operating System (OS) Windows 10
Software Platforms MATLAB 2020a, PSS/E V34.0
Toolbox MATPOWER v6.0, MatACDC v1.0
CPU 17-9700k (8 cores@5.0GHz)
Hardware
RAM 32GB
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results. Two modified systems, the modified IEEE 5-bus system (Case 1) and the RTS-96
system (Case 2), are tested in this section as shown in Figure 2.5. Detailed topologies,
parameters and settings are presented in [52]. Since SM leverages both WLS and FDSE
algorithms within the inner SE analysis of AC grids, both algorithms (SM-WLS and SM-

FDSE) should be tested in the following experiments.

2.4.2 Comparison of estimated accuracy

Under the normal testing conditions, the following simulated SE measurements are
considered: 1) All measurements are available to ensure redundance; 2) no bad data is

injected; 3) measurement errors include both meter reading and full-scale errors given as:

o= Jmeter

+ Gfull—scale (216)

SE results for the modified IEEE 5-bus system are compared with true values in Table
2.4 and Table 2.5. Best estimations are highlighted. Furthermore, the estimation results for
the modified RTS-96 system are compared with the true values and the comparisons are

subsequently given in Table 2.6 and Figure 2.6.

As depicted in Tables 2.4 - 2.6 and Figure 2.6, all three methods can provide reliable and
good estimations for both test cases. UM has the largest amount of best estimations
(highlighted)for both AC and DC grids compared with SM-WLS and SM-FDSE. But the
estimations are very close and the accuracy of all three methods are acceptable. To better
evaluate the overall accuracy, the average performance index values of UM, SM-WLS and

SM-FDSE are calculated by (15) and listed in Table 2.7.

As can be seen from Table 2.7, UM has the best overall estimation accuracy under

normal conditions. The accuracy of SM based methods are slightly lower than UM’s, but the
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DC line
AC line

Figure 2.5. Test systems (a) modified IEEE 5-bus system (b) modified RTS-96 system.
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Table 2.4. SE estimation results of AC grid in Case 1 (g, = 0.0235, g4, = 0.016).

5 True values (TV) UM SM-WLS SM-FDSE
P el Gac | Wadl  u | Wal 6o | Wl  Ou
1 | 10600 0.000 | 1.0600 0.0000 | 1.0600 0.0000 | 1.0600 0.0000
2 | 1.0000 -2.3021| 0.9982 -2.3071 | 1.0020 -2.3091 | 1.0021 -2.3113
3 | 1.0500 -4.5614 | 1.0483 -4.5634 | 1.0529 -4.5633 | 1.0531 -4.5776
4 | 1.0362 -47500 | 1.0415 -4.7533 | 1.0432 -4.7354 | 1.0290 -4.7292
5 | 1.0043 -4.2507 | 1.0025 -4.2522 | 1.019 -4.2537 | 1.0062 -4.2463
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Table 2.5. SE estimation results of DC grid in Case 1 (g, = 0.0235, g4, = 0.016).

VSC 1 VSC 2 VSC 3

VSC

Uge M 5 Uge M 5 Uge M 5
TV | 10000 07641 54671 | 1.0000 09637 -1.6845 | 0.9971 0.8296 -2.9578
UM | 1.0093 07649 54689 | 1.0000 0.9628 -1.6873 | 0.9974 0.8298 -2.9542
SM-

1.0088 07651 5.4688 | 1.0000 0.9651 -1.6877 | 0.9967 0.8295 -2.9539
WLS
SM-
fpop | L0079 07633 54603 | 10000 09615 1685 | 0.9962 08305 2950
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Table 2.6. Comparison of eestimation accuracy of DC grid in Case 2.

Absolute
) VSC 1 VSC 2 VSC 3 VSC 4 VSC 5 VSC 6 VSC 7

difference
UM 0.0000 0.0008 0.0009 0.0000 0.0011 0.0014 0.0025

SM-
0.0000 0.0007 0.0011 0.0000 0.0015 0.0011 0.0031

|AUgz:| WLS

SM-
0.0000 0.0015 0.0009 0.0000 0.0021 0.0013 0.0030

FDSE
UM 0.0035 0.0027 0.0105 0.0086 0.0080 0.0121 0.0052

SM-
0.0044 0.0036 0.0098 0.0102 0.0092 0.0119 0.0063

|AM| WLS

SM-
0.0043 0.0040 0.0112 0.0074 0.0105 0.0132 0.0057

FDSE
UM 0.0021 0.0025 0.0102 0.0121 0.0085 0.0025 0.0019

SM-
0.0024 0.0021 0.0098 0.0117 0.0093 0.0042 0.0025

|AS| WLS

SM-
FDSE 0.0033 0.0033 0.0110 0.0116 0.0089 0.0037 0.0041
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Table 2.7. Average performance index values for the three methods in both cases.

AC grid DC grid Whole system
Methods
Case 1 Case 2 Case 1 Case 2 Case 1 Case 2
UM 0.4336 0.7574 0.7431 0.8687 0.5884 0.8131
SM-WLS 0.4353 0.8255 0.7526 0.8866 0.5940 0.8560
SM-FDSE 0.4762 0.8256 0.7365 0.8911 0.6046 0.8583
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Figure 2.6 Comparison of eestimation accuracy of AC grid in Case 2 (a) UM. (b) SM-
WLS. (c) SM-FDSE.
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estimations of the three methods are very close.

Same experiments are repeated when the simulated measurements are reduced to lower
redundancy and the deviations of errors are increased. These experiments help to present the
estimation accuracy of the three methods in the real and practical operating environments.
First, some of the non-critical measurements are removed and the estimation accuracy for
both cases under lower redundancy are evaluated by calculating the performance indices.

Results are given in Figure 2.7.

The results of Figure 2.7 show that all three methods can still filter out measurement
errors and provide accurate estimations. However, with the decrease of redundancy, the
accuracy of the three methods becomes lower. From this perspective, it is noted that both
SM-WLS and SM-FDSE have better accuracy than UM when the redundancy is lower. For
Case 1 and Case 2, when the redundancies are lower than 2.3 and 2.1 respectively, SM can
provide more accurate estimations than UM. It is because SM performs multiple inner
iterations, and the missing measurements can be calculated from the previous inner

estimations. Thus, the redundancy is increased, leading to better accuracy.

Deviations also affect the estimation accuracy, and a reliable estimator should have the
capability against various and large deviations. The average performance indices are shown
in Figure 2.8. Given that the deviations of AC and DC grids can be different, the experiments
in Figure 2.8 consider the different impacts on estimation accuracy of one deviation by fixing
another one. The results of Figure 2.8 indicate that estimation accuracy of all three methods
are little influenced when the deviation of AC grids increases while the DC deviation is fixed.
However, it is noted that when the DC deviation is larger, the estimation accuracy of UM is

decreased significantly while the SM based methods can still retain the accuracy. It is
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because the interface data is calculated and updated from both AC and DC sides with
multiple calculations in SM. Afterwards, the accurate estimations from AC grid can help

improve the accuracy of DC estimations.

2.4.3 Summary of estimation accuracy

In this section, both UM and SM (including SM-WLS and SM-FDSE) are tested under
different conditions on two modified standard systems. The estimations are compared with
true values and the performance index is utilized to evaluate the overall accuracy. The

comparisons of estimation accuracy can be summarized with the following points:

* Both UM and SM have good estimation accuracy under normal conditions. UM has

better accuracy than SM-WLS and SM-FDSE, but the estimations of the three methods are

extremely close.

* In view of reduced redundancy of measurements, SM-WLS and SM-FDSE have better

accuracy than UM. It is because that the missing measurements can be calculated from the

inner estimations and subsequently used for the following loops.

* All three methods can retain good accuracy against larger deviation of AC grid.

However, when the DC deviation increases, the accuracy of SM-WLS and SM-FDSE is
better. The reason is that the interface data in SM is calculated and updated from both AC
and DC sides, and better estimations from AC side can help improve reduce the influence of

larger DC deviations.
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2.5 Comparison of computing speed

2.5.1 Instructions and testing environments

Besides the estimation accuracy, the computing speed of estimators is another vital
criterion in evaluating the performance. To meet the requirements of real-time monitoring,
estimators should complete the core analysis within several seconds [54]. However, although
the fast development of VSC-MTDC techniques makes it possible to create the ultra-wide
hybrid systems, but it also brings great challenges on the computing time [39], [60]. Both
the system scale and analysis complexity are greatly increased due to the multiple
interconnected AC grids and DC connections. Consequently, it is necessary and meaningful

to test computing speed of the proposed methods.

First, the hardware and software environments are the same as listed in Table 2.3. To
ensure the reliability of test results, all the computing speed is on average of 50 times
repetition. Furthermore, the convergence tolerance is set as e = 1e~° and the initial guess is

set as flat start for all methods.

The test systems in this section are categorized into two groups. The first group is based
on the structure denoted in Figure 2.9, four identical AC grids are connected via the DC links
that have the same topology and parameters as shown in Figure 2.5. By selecting different
standard systems to be interconnected, the simulated VSC-MTDC networks can cover the
scales from approximate 200 buses to 12,000 buses. The standard systems and topologies
are listed in Table 2.8. The second group aims at studying the influence of multiple DC
networks on computing speed. Therefore, the connected AC grids are fixed with SC 500-
bus systems, but multiple four-terminal DC networks are used to interconnect the AC grids.

The test cases in the second group are listed in Table 2.9. It is noted that the overall system
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Figure 2.9. Four-terminal test network for SE analysis.
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Table 2.8. Standard systems in the first test group.

Case Case 3 Case 4 Case 5 Case 6 Case 7 Case 8 Case 9
Standard IEEE IEEE IEEE 300- | SC 500-bus European Polish Polish
system 57-bus 118-bus bus [61] 1354-bus 2383-bus 3012-bus
Topology 4xAC grids | 4xAC grids | 4xAC grids | 4xAC grids | 4xAC grids | 4xAC grids | 4xAC grids
1xDC grid 1xDC grid 1xDC grid 1xDC grid 1xDC grid 1xDC grid 1xDC grid
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Table 2.9. Test cases in the second test group.

Case Case 10 Case 11 Case 12 Case 13 Case 14
Standard sC SC SC SC SC
system 500-bus 500-bus 500-bus 500-bus 500-bus
4xAC grids 4xAC grids 4xAC grids 4xAC grids 4xAC grids
Topology
2xDC grid 3xDC grids 4xDC grids 5xDC grids 6xDC grids
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scales in the second group are very close due to the same interconnected AC grids. The only

difference is the number of the four-terminal DC networks in the systems.

The two groups of extended systems can help to test the computing speed on UM and
SM from two aspects: 1) the influence of increasing scales of the interconnected AC grids,

and 2) the influence of more DC connections and converters

As discussed in section 2.2, the most principal theory in SE analysis is to solve an
optimization problem aiming at minimizing the overall differences between real
measurements z and estimated measurements h(x). Equations (2.3) formulated as Ax = B,
can be solved iteratively by utilizing NR method until achieving convergence. As studied in
[63] and [64], the time spent on solving linear equations Ax = B increases dramatically for
large-scale systems. Furthermore, the computing time is related to the dimensions of
matrices A and B. Therefore, the comparison of the dimensions of matrices H and G can
facilitate the initial study on computing time of SE analysis. Assume that a hybrid VSC-
MTDC systems composes of n2, buses and nZ branches in the AC grid, and nj, buses
(converters) and n5” branches in the DC grid, the size of measurements, state variables and
the dimensions of matrices for UM and SM are subsequently summarized in Table 2.10 and

Table 2.11.

In Table 2.10 and Table 2.11, the corresponding partial differential elements of the slack
buses in both AC and DC grids are set as constants without affecting the iterations. It is noted
that the dimensions of matrices H and G of UM are much larger than SMs’ due to the
integration in the unified formulation. The time spent on solving SE problem can be longer

with UM than SM in a single calculation loop. However, SM requires several inner loops to
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Table 2.10. Sizes of related data sets and matrices in VSC-MTDC systems with UM.

State

Measurements . Measurement matrix Gain matrix Weight matrix

Type variables )
z H = 0h(x)/0x G =H'WH W (diagonal)
X

(3n3c + 2”32 zngc (3nd, + 2nb% + 7Tnb, + nbl) (anc + 3ngc) (37135 + 2"35

Size + + x X +
b b
(7nge +ng 3ng (2c + 3t (2ng +3nf) | (Tnge +ng;
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Table 2.11. Sizes of related data sets and matrices in VSC-MTDC systems with SM.

State

Measurements . Measurement matrix Gain matrix Weight matrix

Type variables )
z H = 0h(x)/0x G =H'WH W (diagonal)
X

Size
AC 3nd. + 2nb” 2n2. (3n2. + 2nkr) x 2nb, 2nb. x 2nk, 3nd. + 2nkr
Size
. 7nb. +nbr 3nb, (7nb, + nbr) x 3nb, 3nb, x 3nb, 7nb, +nir

46



achieve global convergence, and it may result in extra time cost compared with UM.

2.5.2 Comparison of computing speed

The testing conditions are the same as given in section 2.4.2. In addition, all the test

systems from Case 3 to Case 14 are assumed to be operated under standard loads and the

power via DC transmission lines is not heavy. The performance of computing speed is
evaluated by comparing the computing time that includes the main processes of generating
matrices, solving equations, comparing, and updating data. All estimations have been
compared with true values and proved to be accurate. First, the number of iterations for UM,

SM-WLS and SM-FDSE are listed in Table 2.12.

It is noted that UM solves the equations within a single calculation loop including several
iterations. However, SM requires both inner and outer loops to achieve global convergence.
Take Case 4 as an example, UM requires 3 iterations to converge, SM-WLS performs two
outer loops including 3 and 2 iterations for the inner loops, and SM-FDSE also has two outer
loops with 8 and 6 iterations for the inner loops. The total computing time is compared in

Figure 2.10.

Denoted in Table 2.12 and Figure 2.10, two conclusions can be summarized from the
test results. First, UM has faster computing speed on estimating small-scale systems, while
SM-WLS and SM-FDSE are faster for larger systems. UM is more efficient in solving
smaller unified equations including the measurements and state variables of both AC and
DC grids. However, the increasing system scale and complexity consumes more time with
more iterations. Oppositely, the inner calculation loops estimate AC and DC grids separately,

and the iterations in each calculation are close. Second, SM-FDSE has the fastest overall

47



Table 2.12. Number of iterations with different methods (Cases 3 — 9).

Case Case 3 Case 4 Case 5 Case 6 Case 7 Case8 Case 9

UM 3 3 3 4 4 4 5
SM- 02 0:2 0:2 0:2 0:2 0:2 0:2
WLS 114 (2/2) 1:5(3/2) 1:5(3/2) 1: 6 (3/3) 1: 6 (3/3) 1: 7 (4/3) I: 8 (5/3)
SM- 0:2 0:2 0:2 0:2 0:3 0:3 0:3
FDSE 1:12(8/4) | 1:14(8/6) | 1:15(9/6) | 1:15(10/5) | 1:23(8/8/7) | 1:22(9/7/6) | I: 23 (9/7/7)

*: 0" and I" stand for outer and inner calculation loops in SM, respectively.
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computing speed because of the utilization of FDSE algorithm. Despite more iterations

required, the constant matrices facilitate computation, and the timesaving is significant.

This section also places emphasis on the influence of the AC grids’ scales on the
computing speed with different methods. In practical projects, the connected AC grids may
maintain the same scales, but more DC networks are planned and installed to improve the
transmission capacities among the AC grids. In this section, Cases 10 — 14 are tested to
compare the computing speed with multiple DC networks in different methods. The number

of iterations required by different methods are listed in Table 2.13.

As shown in Table 2.13, when more DC networks are installed in the VSC-MTDC
systems, although the entire system scales are not greatly increased due to the same
interconnected AC grids, both UM and SM requires more iterations before converging. The
added interface measurements increase the computational complexity and reduce the
convergence speed. Further comparison indicates that there is no significant increase on the
iterations of the inner calculation loops with SM. The reason is that the inner calculation
loops solve the decoupled AC grids separately without being affected by the decoupled

measurements. The total computing time is compared in Figure 2.11.

In the second group, the overall scales of the test cases are close due to the same
interconnected AC grids (SC 500), the only difference is the number of DC networks
installed in the hybrid systems. It is noted that although all three estimators require more
iterations with more DC networks installed the computing speed of UM is most affected.
The reason is that UM estimates AC and DC grids simultaneously, and the increased
interface data has slower converging speed due to lower redundancy. Therefore, the overall

computing speed slows down significantly. On the contrary, the number of DC networks has
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Table 2.13. Number of iterations with different methods for the second test group (Case 5
and Cases 10 — 14).

Case Case 5 Case 10 Case 11 Case 12 Case 13 Case 14
UM 3 3 4 4 5 6
0:2 0:2 0:2 0:2 0:3 0:3
SM-WLS
I:5(3/2) 1:5(3/2) I:5(3/2) 1: 6 (3/3) 1: 7 (3/2/2) I: 8 (3/3/2)
0:2 0:2 0:2 0:2 0:3 0:3
SM-FDSE
I: 15 (9/6) I: 15 (9/6) I: 16 (10/6) 1:16 (10/6) | 1:22 (8/8/6) | 1: 23 (8/8/7)
Topol 4xSC 500 4xSC 500 4xSC 500 4xSC 500 4xSC 500 4xSC 500
opolo
pology 1xDC grid | 2xDC grids | 3xDC grids | 4xDC grids | 5xDC grids | 6xDC grids
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Figure 2.11. Comparison of computing time with different methods for the second test

group (Case 5 and Cases 10 — 14).
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less influence on SM-WLS and SM-FDSE. First, the added measurements and equations of
DC networks do not modify the AC estimates that take up the major computing time.

Therefore, the overall computing speed will not be significantly affected. Furthermore, the

interface data is updated twice within one inner loop from both AC and DC sides, leading to

faster convergence than UM.

2.5.3 Summary of computing speed

In this section, two groups of cases are tested to compare the computing speed with
different methods. The results are further analyzed to show the influences of system scales
and multiple DC networks. The comparisons of computing speed can be summarized with

the following points:

* Both the increased scales of interconnected AC grids and multiple DC networks can

increase the computing time. In general, SM-FDSE has the fastest computing speed in

estimating large-scale and complex VSC-MTDC systems.

* With the increasing scales of interconnected AC grids, the dimensions of computed
matrices with UM have dramatical growth which slows down the computing speed. On the
contrary, AC and DC grids are estimated separately in SM, and the problem size is much
smaller. Furthermore, the more efficient FDSE can be leveraged in SM-FDSE to facilitate

fast computation.

* Multiple DC networks can significantly complicate the SE problem due to the added

interface measurements and state variables. Compared with UM which requires more
iterations to converge, SM-WLS and SM-FDSE can still ensure the converging speed with

the help of data updating from both AC and DC sides within the inner calculation loops.
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2.6 Comparison of Robustness
2.6.1 Introduction and testing environments

The goal of detecting, identifying, and eliminating measurement errors is the main reason
for using the estimators. An estimator can be considered statistically robust if the estimations
remain insensitive to major deviations with limited redundant measurements [47]. Since
WLS may yield estimations with bias when gross errors are in present, several approaches
such as LAV (Least Absolute Value) and M-Estimators, have been proposed to improve the
robustness [64]. However, the computation requirements of robust estimators are much
heavier than WLS’s, especially when the system is large with nonlinear equations. Thus,
WLS is most widely implemented in EMS for real-time monitoring. In view of the VSC-
MTDC systems, even the measurements are assumed to be Gaussian distributed with zero
mean, WLS based estimators can still be contaminated due to the branch parameters of DC
networks, and the loss and errors of the interface data [56]. It is essential to analyze the
robustness of UM and SM, and subsequently compare the generalized methods for different

scenarios.

The hardware and software environments in this section are the same as listed in Table
2.3. The modified RTS-96 system (Case 2) is leveraged to compare UM and SM. There are
77 pairs of flow measurements, 50 pairs of injection measurements and 49 voltage
measurements in the AC grids, resulting in the full redundancy of 3.09. In thee DC grids,
there are 56 measurements in total with the full redundancy of 2.67. Therefore, if all
measurements are available, the overall system has the redundancy of 3.01. To test and
compare the robustness, different scenarios involving measurement loss and errors are

simulated for SE analysis.
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Furthermore, the normalized residual (NR) ¥ and hat matrix K are introduced to detect
bad data and assess the possibility of measurements behaving as the leverage point,
respectively. The mathematical expressions for 7V and K are given in [47]. It is noted that

throughout the simulations in this section, the topology parameters are assumed to be correct.

2.6.2 Comparison of robustness

As one of the primary functions, a reliable estimator should be capable of detecting bad
data based on the estimations. LNR test is extensively used because of the ability to detect
single or multiple bad data. However, LNR can be vulnerable to leverage points if the bad
measurements are placed in these positions [65]. In such circumstance, LNR values
corresponding to the leverage points will be extremely small even the measurements are
contaminated. As such, bad data cannot be detected due to the non-violation of the
identification threshold which is typically set as 3.0. The influence of leverage point on

measurement residual can be expressed as:

r=z-h(x)=(,-K)z (2.17)
where the hat matrix is given as K = HG 1HTW, I, is the identity matrix with m x m
dimension. Denoted from (2.17), LNR may fail to represent the real mismatch of the
measurement if K;; is close to 1. For a specific system with the number of measurements and

state variables m and n, the measurement is suspected to be a leverage point when K;; is
larger than %n Although the corresponding element in the hat matrix is not close to 1,

detection of bad data can still be difficult by conventional approaches due to low
measurement redundancy. In addition, leverage measurements can also be created under the

following conditions: 1) injection measurement at the bus connected to many branches, 2)
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injection or flow measurements that are incident to branches with different impedance values,

3) specific measurements with large weights.

Therefore, leverage points are more likely to occur in VSC-MTDC systems. First, the
introduction of DC measurements and variables lowers the overall redundancy. Furthermore,
the equivalent impedance values between AC buses and converters are significantly different
from AC branches’ values. Finally, the preset controlling values of VSCs are considered as
pseudo-measurements with high weights. However, since UM and SM estimate the hybrid
systems using different strategies, their robustness differs and can be assessed by checking
the elements of the respective hat matrix. The largest five diagonal elements in the hat

matrices of different estimators are listed in Table 2.14.

From Table 2.14, the three generalized methods, UM, SM-WLS and SM-FDSE have
different largest five K;; values. For UM, four of the largest values come from the interface

measurements between AC buses and converters. Furthermore, the corresponding K;; values

are much larger than the values of SM-WLS and SM-FDSE. It is because measurements,
variables, and equations from both AC and DC grids are integrated in an entire problem to
be solved. The redundancy is lowered, and the impedance differences between AC branches
and DC branches affect the numerical structure of the matrix. For SM-WLS and SM-FDSE,
the largest values mainly come from AC measurements that are incident to many connected
branches. The overall K;; values are smaller and DC measurements are less influential by
decoupling the physical connections. Hence, the interactions of interface data are eliminated.
Further comparison also indicates that SM-WLS has lower K;; values than SM-FDSE. In
general, SM-WLS and SM-FDSE has better robustness than UM based on the entries in hat

matrix.
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Table 2.14. Largest five diagonal elements in the hat matrices of different methods.

UM SM-WLS SM-FDSE
Measurements K;; value Measurements K;; value Measurements K;; value
P, (B123
0.7933 Pacooi11s 0.6733 Pocooi-118 0.6968
— VSC5)
P, (B215
0.7616 Pac123-113 0.6696 Paci23-113 0.6880
— VSC6)
Qs (B123
0.7608 Pac 123 0.6339 Pac 23 0.6685
— VSC5)
P, (B123
Pacizs 0.7245 0.6316 Qac217 0.6652
- VSC5)
P,, (B113
0.6933 Qac.217 0.6273 Quac221-215 0.6641
—VSC4)
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2.6.3 Robustness in different scenarios

This subsection aims to compare the compare the estimations in different scenarios,
including interface data missing, erroneous measurements and pseudo-measurements with

large weights. In addition, parameter errors are not considered in this subsection.

1) Interface data missing. As denoted in Section 3, interface data, including P, Qg, P.,
Q. and V., functions as the connection between AC and DC grids. Therefore, these
measurements are prone to affecting the estimation accuracy. To test three methods under
this circumstance, measurements Pz, PX%, Qi¢, and PZ} are intentionally left out. The largest
mismatches between the estimations and true values, LNR values and performance index

values with three methods are listed in Table 2.15.

The results in Table 2.15 show that all three methods can accurately provide estimations
when some interface measurements are missing. LNR test indicate that there is no bad data
in measurements. Nevertheless, it is noted that the accuracy of UM is significantly decrease
and the largest mismatches are larger than the values of SM-WLS and SM-FDSE. Thus, SM
presents stronger robustness because the missing measurements are calculated from the
previous inner loop and afterwards filled for next calculation loop. Consequently, better

accuracy can be guaranteed.

2) Single measurement error at leverage point. To test the robustness of the three
methods against single measurement error at leverage point, we consider measurement P,
contains gross errors of different percentages from 10% to 50%. LNR test is leveraged to

identify bad data with three methods and the results are listed in Table 2.16.
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Table 2.15. Comparison of three methods in case of interface data missing.

Mismatch of AC Mismatch of DC
. i Performance
Methods variables variables LNR ind
index
(6 degree/ V. p.u.) (Ve p.u./ M/ & degree)
UM 0.0791/0.0162 0.0692/0.1375/0.0832 2.142 0.935
SM-WLS 0.0127/0.0056 0.0125/0.0711/0.0102 1.773 0.932
SM-FDSE 0.0132/0.0061 0.0149/0.0653/0.0127 1.812 0.941
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Table 2.16. Comparison of three methods in case of single measurement error at leverage

point.
Methods LNR with LNR with LNR with LNR with LNR with
10% gross error | 20% gross error | 30% gross error | 40% gross error | 50% gross error
UM 2.2161 2.3879 2.5644 2.8123 3.1837
SM-WLS 3.2471 3.9729 47174 5.5491 6.3924
SM-FDSE 2.8745 3.4423 3.9527 45714 5.2113
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From the simulation results in Table 2.16, it is observed that the growth of LNR values
is approximately linear with the increase of single gross error. SM-WLS can identify bad
data with smallest gross error, and SM-FDSE takes second place with the identification of
more than 20% gross error. For UM, gross error at leverage point has the greatest influence
on bad data test. With the increase of gross errors from 10% to 50%, the LNR values only
change from 2.2161 to 2.8123, leading to failing identification on bad data. When the gross
error is further increased to 50%, bad data can be barely detected. The LNR results are

consistent with the corresponding hat matrix.

3) Pseudo-measurements with large weights. As expressed in (2.17), if specific weights
in W are much larger than others, the corresponding values of K;; also dominate, leading to
the possibility of creating leverage points. Consequently, bad data may not be identified even
the gross error is large. For VSC-MTDC systems, pseudo-measurements with large weights
are introduced according to different control strategies [42]. To test the robustness against
large weights, P is intentionally made erroneous with the gross error of 50% and different
levels of weights. LNR tests are carried out, and the simulation results are listed in Table
2.17. Although the gross error stays the same, the results in Table 2.17 indicate that large
weights can greatly reduce LNR values and invalidate the identification of bad data. With

the increase of the weights on pseudo-measurement Py, the corresponding LNR values

decrease for all three methods due to the change of K;;. Compared with SM-WLS and SM-
FDSE that can still identify bad data, UM is more sensitive to large weights. It is because
the integrated matrix W contains all smaller weights from AC measurements, and larger

weights lead to more serious ill-condition.
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Table 2.17. Comparison of three methods in case of pseudo-measurements with large

weights.
LNR with LNR with LNR with LNR with LNR with LNR with
Methods W =4x10® | W=1x10* | W=5x10* | W=1x105 | W=5x105 | W =1 x 106
UM 3.1837 2.2472 0.9674 0.3641 0.1243 0.0275
SM-WLS 6.3924 5.2192 45371 3.6312 3.1795 3.0272
SM-FDSE 5.2113 4.3716 3.6653 3.2329 3.0109 2.7329
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2.6.4 Summary of robustness

In this section, the performances of robustness with three methods are tested and
compared. Several scenarios including interface data missing, single gross error and pseudo-
measurement with large weights are considered for VSC-MTDC systems. The robustness

comparisons can be summarized with the following points:

* For VSC-MTDC systems, SE robustness can be lowered due to the complex interface

connections, the parameter differences between AC and DC branches, and large weights on
pseudo-measurements. All these factors increase the corresponding values in the hat matrix

and create leverage points.
* Compared with SM-WLS and SM-FDSE, UM has the weaker robustness due to the
integrated solving strategy and the interactions between AC and DC variables.

2.7 Chapter Summary

In this chapter, the conventional estimators for VSC-MTDC systems are generalized and
classified into UM and SM (SM-WLS and SM-FDSE). These methods are tested and
compared in three aspects that should be carefully considered for practical use, including
estimation accuracy, computing speed and robustness. Various and diverse systems are
leveraged for testing under in different measuring situations to provide sufficient results.

Comparison results can be concluded as follows:

1) Estimation accuracy. Under normal conditions, UM has better accuracy over SM-
WLS and SM-FDSE. In case of lower redundancy and larger deviations in the measurements,
the accuracy of UM decreases more, and SM may provide better estimations depending on
the specific measuring conditions. It is because that the estimations from previous inner
calculation loop in SM help update and rebuild measurements that are used in the subsequent

calculation loop.
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2) Computing speed. For large scale systems, SM-FDSE has the fastest computing speed
against both the increase scales of interconnected AC grids and multiple DC networks.
Leveraging FDSE can save significant computing time in estimating the decoupled AC grids
that take the major proportion in the hybrid systems. In addition, the dimensions of H and G
matrices with SM are not influenced by the integration of DC networks, leading to further

time saving.

3) Robustness. In view of the inherent complex connections, topological structure, and
different branch parameters of VSC-MTDC system, leverage points in hat matrix is more
likely to be created. Test results indicate SM -WLS and SM-FDSE have better robustness
against interface data missing, single measurement error and large weights on pseudo-
measurement. By decoupling AC and DC grids, the interactions are eliminated, and missing

data can be calculated and added from inner estimations.

The comprehensive comparisons are expected to help operators and utilities to choose
the better and more reasonable SE method to monitor VSC-MTDC systems based on specific
features. Besides, this work can also facilitate the development of SE approaches to

overcome existing problems.
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Chapter 3 Improved SM with Graph Computing Techniques

and Virtual Connection Method

The SM is proved to be a promising method to develop an advanced SE approach for
VSC-MTDC systems. Besides the obvious advantage of being easily implemented in the
existing estimators developed for AC systems, the SM is demonstrated to have good
accuracy, fast computing speed and strong robustness. However, compared with the UM,
the SM exchanges some accuracy for speed. In this chapter, the generalized SM is further
improved to achieve greater accuracy and faster speed. First, the computing speed is
accelerated by leveraging graph computing techniques. By modeling and storing power
systems in a GDB, advanced parallel computing approaches including NPC and HPC can
significantly facilitate real-time steady analysis for power systems. Furthermore, a virtual
connection method is proposed to enhance system integrity in SE analysis. Interface links
and DC networks can be equivalently modeled as virtual AC buses and branches to
strengthen the connections between AC and DC grids. Therefore, interface data can be

directly estimated from both sides to achieve better accuracy and faster convergence speed.

3.1 Introduction

Modern power systems’ rapidly increasing capacity for power transmission has resulted
in a pressing need to build large-scale AC/DC hybrid systems with HVDC transmission lines.
The needs for high voltage level and large DC power in ultra-high voltage power systems
[66] have led to the planning and implementation of more large-scale projects [67], [68].

The complexity and size of interconnected systems is also increasing. In addition to the
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physical challenges of such large systems, the DC links also complicate the steady-state
analysis in an EMS that must be able to effectively deal with a large-scale hybrid system,
providing accurate results faster than ever, to enhance the capability of system monitoring
and the security of system operation [69], [70]. There are two widely used approaches for
hybrid steady-state analysis, namely, the UM [71] and the SM [72], that were compared in

detail in the previous chapter.

To reduce the computing time of the SM, there are two methods to be considered in the
existing literature. The first method focuses on reducing the total amount of iterations. In
[73], reactive power injections are modeled in terms of the AC voltage and participate in the
AC analysis. Hence, the improved method converges to a solution in fewer iterations. In
[74], power losses are modeled and updated along with the calculation of power exchange.
Thus, the accuracy of each loop improves, and fewer iterations are needed. In [6], some
extreme high-load cases leveraged virtual buses and optimal multipliers to guarantee
convergence within limited calculation times. Since the initial estimate of the NR method is
difficult to obtain due to the coupling of hybrid systems, the calculations have to be
performed alternately many times. The second method aims at improving the computing
speed of steady-state analysis. Some parallel approaches for solving a large sparse matrix,
improving the NR method, and expediting data processing are proposed in [76]-[78]. Results
indicate that parallel computation can help speed up calculation. Nevertheless, peripheral
but time-consuming functions such as building matrices/vectors, checking convergence, and
updating internal data are not addressed. Thus, there is a need to develop an efficient and

holistic parallel or distributed method which can be used in all steps of calculation.
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In the process of solving large-scale data-driven problems, graph computation has shown
its parallel efficiency due to the protogenetic parallel database in modeling problems, and
the underlying parallel algorithms based on vertex/edge [79]-[81]. Significant computing
improvements with the application of graph-based methods have been demonstrated in the
research fields of high-efficiency computation, social network analysis, security
enhancement, etc. [82]-[84]. In recent years, graph computation has also been extended to
power system problems, such as distribution network reconfiguration, parallel power flow
calculation and real-time EMS development [85]-[87]. With the development of a GDB and
graph models for parallel computing, more complex problems can be entirely solved using
graph-based methods and achieve better overall computing performance [88]-[90].
Therefore, graph computation can be utilized to form the foundation for high-efficiency
computation. In general, graph computing techniques can speedup the SM not only used in
SE but also in PF, which is responsible for simulating true values for analysis. The time-
consuming processes of generating matrices, LU factorization and forward-backward
substitution can be accelerated by leveraging NPC and HPC. Therefore, graph computing
techniques can be implemented in the SM to achieve faster computing speed without

compromising accuracy.

Despite its features of being easily implemented and exploiting existing algorithms, the
SM has its own shortcomings that may result in a drag on the performance, including
estimation accuracy and convergence speed. The shortcomings arise from two main issues.
First, the physical connecting relationships between AC and DC grids are ignored. The
estimator only calculates part of the decoupled grids and the line parameters connecting AC

and DC grids are excluded. In this way, the measurement matrices are simplified, and the
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estimations only cover the partial system. Second, the conventional SM treats the data at the
PCC as constant injections or pseudo-measurements with large weights in the sequential
calculation. The equivalent impedance of converter transformers and phase reactors is
classified into the DC sides only. Therefore, the power loss is only calculated one time from
the DC side within a single sequential loop. Motivated by these concerns, this chapter also
proposes an improved algorithm based on the SM using virtual connections to enhance the
topological relationships between AC and DC grids. PCCs, converters and DC grids are
modeled as virtual AC buses and branches. The extended AC grids are subsequently
enhanced to present the complete structure of the VSC-MTDC system. Furthermore, the
measurements at PCCs and converters are considered as general AC measurements
participating in AC estimations instead of being treated as constant injections. Consequently,

both the estimation accuracy and the convergence speed are improved.

The rest of this chapter is summarized as follows. Section 3.2 introduces the GDB and
graph computing techniques, and then explains how they can be applied to SE analysis.
Section 3.3 proposes a distributed parallel power flow algorithm that can be used to simulate
measurements for SE analysis. The virtual connection method is presented in Section 3.4.

Section 3.5 concludes the chapter.

3.2 Improved SM with graph computing techniques

3.2.1 Power system modeling in a graph database (GDB)

Graph theory is an advanced area of mathematical study which models complex
networks and performs complicated calculations between objects using ‘graphs’. Relevant

graph-based techniques have been documented to significantly improve general computing
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performance [91]. Based on graph theory, a system network can be modeled as a graph, G(V,
E). It consists of vertices representing all the objects in G, collected in set V={v1, v, ..., vn},
and edges denoting all the connections and relations between objects, collected in set E={ejj}.
Taking advantage of the pairwise relations of buses, branches and other attached devices,
the graph model of a power system is intuitively built, and the graph model vividly represents

the system, as shown in Figure 3.1.

The components constituting a conventional power grid can be classified as either
vertex-attached or edge-attached. For example, generators, loads, SVCs, and converters
together with their parameters are vertex-attached. The topology and attributes of
transmission lines, transformers, filters and breakers are edge-attached. Thus, the graph
model includes information about both topology connections and related attributes. To

illustrate the GDB in power system storage, the IEEE 5-bus system is used as an example.

As shown in Figure 3.2(a), the attribute of connecting buses is used to establish the
relationships between branches, generators, loads, and transformers in their corresponding
tables. Meanwhile, intricate bridge tables are needed to provide data join functions with
redundant storage elements in an RDB. Moreover, with the increase of data size and types,
internal search becomes complicated, significantly increasing time consumption.
Conversely, in Figure 3.2(b), the connectivity of different components is defined directly in
an abstract graph. All of the unstructured attributes are classified and stored on vertices and
edges. The bus-based parameters such as component type, generator capacity, reactive
power limits, and load active/reactive power can all be stored on the vertices. Similarly, the
branch-based parameters such as line impedance, transformer ratio, and branch flow limits

can all be stored on the edges. Since a GDB can reflect both connective relationships and
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attributes, operations on a GDB can be easier and faster. In [92], the query return tests on
the system with over 10,000 buses indicate that the GDB model can be as much as 8 times

faster than the conventional RDB model.

After modeling and storing a power system in a GDB, graph computing algorithms can
be implemented and executed naturally on the underlying level with high parallel efficiency.
The following subsections will introduce three graph-based algorithms and demonstrate their

applications in analyzing power systems.

3.2.2 Node-based parallel computing (NPC)

In graph theory, computation can be executed on vertices via graph traversal, which is a
seamless integration of the GDB. Since each vertex is capable of conducting local
computation independently with information from itself and its neighbors, it is feasible and
efficient to divide one problem into smaller sub-problems, and then conduct parallel

calculations on each vertex. One of the examples is matrix formulation with NPC.

In Figure 3.3, the upper part illustrates the mapping relation of the expression of Ax=b
between graph computing and matrix formulation. In a graph model, the connections (edges)
between vertices are symbolized as non-zero off-diagonal elements in the A matrix. Similarly,
the zero off-diagonal elements demonstrate that no direct connections between vertices exist
in the graph. Regarding the NPC method, giving an example of the admittance matrix, the
off-diagonal elements are locally constructed according to the impedance of the
corresponding edges. Meanwhile, each diagonal element is independently and locally
calculated with the processing of impedance attributes at the corresponding vertex and its

connected edges. Therefore, the whole admittance matrix is developed with only one-step

72



Graph Matrix
Expression Expression

Ay A 0 0 e 0 % by
Apy App Az 0 0 X3 b,
0 Ay Az 0 Asn| | ; :
i i i N | =
o 0 0O Ay A | |7 b;k
: : x b
0 0 AnS Ank Ann " "
] L N T
: Graph Processing Engine 1 : :Communication: :
1 1 emm=y T TTT——
1 | Partitions | | Resources | oA _,-—": S :
1 ’|‘. 1 ,J ~ .7 |
1 Master - : J/ o S < 1
- _—em T T = - -
: Worker 1" | .-~ S _-F <. Bulk !
1 Job Request ladeniy : Lo 1,7 » s !
| : : 1 s LN Synchronous
| 3 1 ! 4Processors i !
I Phase 1 Workern = -/~ -+ W‘{‘ oo RN Parallel :
1 U \ SP
: ___________ '; _____ 1 : j’ r‘\ - (, - (B ) :
A
::’mmm Map | ::: R Mot |
1 \ PR I
: : W | 1 :l : ;J: N P \\ !
| Worker | Tagget I Reduce) MRS ) 2 |
I : Master ' 11 el I
1| e e e o~ n . -
| (Mip 1 Mapd) - Wap N Map | w4 :
T - < .
1 v
W PR W
1 \V:ozk_er_n_ _'IL'_EE _____ R_ enluge.r Phase 2./, w! || Connected Edges Connected Edges - Map
1 l : *&. Parallel Operation Parallel Operation | ]‘M
1 - 1 ap
:[ Master —— [[Kafka | — | Output | Phase 3[| ______ Reduce

Figure 3.3. Application of NPC in processing

Worker (Local Computing)

admittance matrix.

|
Reduce

73



graph computing and the values of all elements are calculated in parallel, which fits the GDB
structure. The lower part gives the elaboration of the implementation of NPC. The workflow
of the graph computing is constructed based on a bridging model of bulk synchronous
parallel (BSP) [93]. The graph is initially stored in segments, and each segment contains a
set of vertices, together with the corresponding outgoing edges. The master thread
subsequently assigns segments to the worker thread with respect to the CPU’s resources. For
each worker, local computation is conducted in parallel. After workers communicate and

synchronize, the results are transferred back to the master for final integration.

One of the most efficient way to utilize NPC is for generating an admittance matrix. The

pseudo code is shown in Algorithm 1.

Algorithm 1: Form admittance matrix

Step 1: Generate Graph G (V,E)

Step 2: Accum Select Vertex i from V

Step 3: Select Vertex j from V where j € E;
Step 4: a;+= a;j

3.2.3 Hierarchical parallel computing (HPC)

Compared with NPC, which executes parallel calculations at each vertex, the HPC
method assigns vertices to different levels based on the ordering of their connections. It
performs parallel computation for vertices at the same level and solves the problem level by
level in a hybrid sequential-parallel manner. One of the main applications is LU factorization
[90]. As shown in Figure 3.4, three steps are involved to implement Cholesky factorization
with HPC: 1) determining fill-ins, 2) forming an elimination tree, and 3) partitioning the

elimination tree via HPC. In Figure 3.4(a), G(A:) is the graph of matrix As, representing the
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matrix A at time t. Structural analysis in Figure 3.4(b) exploits the vertex and edge
distribution of G(A:), which is a non-zero pattern of Ay, to find a reordering of the vertices in
the corresponding graph, such that the number of fill-ins can be reduced during matrix
factorization. Meanwhile, in Figure 3.4(c), a spanning tree T(A:), also known as an
elimination tree, is created for LU factorization and partitioned for parallelism. The vertices
with the same color are grouped in the same level and can be computed simultaneously due
to their independence from each other. In the graph model, the information on Lt and Ut is

stored as an LU graph in T(A)T(A,) for problem solving.

Furthermore, HPC can be combined with NPC in performing forward-backward
substitutions in calculating Ax = b. The generalized factorization and solving processes can

be formed as:

Ax=LDUx=b
Lz=b
Dy=1z
Ux=y
where L and U refer to a lower triangular matrix and an upper triangular matrix, respectively;

(3.1)

D is a diagonal matrix. It is noted that vertices within the same partition level can be done

simultaneously when updating z and x in (3.1). The pseudo code is shown in Algorithm 2.

3.2.4 Improved SM with graph computing techniques

As studied in Chapter 2, multiple calculation loops might be needed in the SM for SE
analysis before achieving global convergence. Since AC grids account for the main
composition of VSC-MTDC systems, the majority of computing time is spent on estimating
AC grids. Therefore, the computing speed can be acerated if FDSE can be improved by

utilizing NPC and HPC. For the inner calculation loop, the method proposed in [86] is used

76



Algorithm 2: Solving Ax = b

Step 1: Symbolic factorization with fill-ins.

Step 2: Elimination tree (same level vertices).

Step 3: Node partition (same level independent, different levels dependent).
Step 4: Factorization A = LDU.

Step 5: Forward and backward substitution (FBS).

to speedup FDSE in AC grids. Furthermore, given that the process of comparing and
updating interface data within the outer loops is executed on each PCC, NPC can be
leveraged to realize parallel computation. Therefore, both the inner and outer loops can be

accelerated with graph computing techniques.

In the next subsection, the improvements are demonstrated in detail by implementing
graph computing techniques in another steady-state analysis, a.k.a., power flow analysis that

can be used to simulate true operating values.

3.3 Graph computing-based distributed power flow for hybrid systems
3.3.1 Distributed computation with graph partition

Previous studies have presented the concept and advantages of graph computing, but
graph computing solves the system as an entity and performs the calculation and analysis
together. Thus, all the vertices have to do the same computation locally in the beginning,

then communicate and wait for synchronization at the end.

To expedite the calculation, the connecting topology of the hybrid system is taken into

consideration to partition the original power network for distributed computing. Since most

77



DC links are built to connect several isolated AC grids crossing long distances, it is highly

feasible to partition the network by disconnecting DC connections.

As shown in Figure 3.5, there are two steps to performing the graph partition for the
AC/DC system. To begin with, the DC line is disconnected from the original network, and
the coupled vertices {V,, V¢ },v4} are recorded as the initial searching points. Subsequently,
simultaneous path searches start to check if the corresponding coupled points are still
connected. For example, there are no paths between vertices v4 and ve in Figure 3.5(a), which
means that the two AC grids are only connected via DC lines. In contrast, Figure 3.5(b)

denotes that the network cannot be split.

3.3.2 Implementation of graph computing techniques in SM for PF

In this subsection, the proposed method with graph computing techniques is used to solve
hybrid systems with LCC-based DC links [94]. Multiple cycles of PF calculation, equation
formulation, PCC values updates, etc. make the conventional SM time-consuming. To speed
up the overall calculation without altering the main algorithms or compromising accuracy,
graph computing-based methods including graph partitioning, NPC, and HPC are employed,
as shown in the Figure 3.6 flowchart. Where A,, is the n" partitioned area, a and y are firing

and extinction angles, and @r/®@; are power factors in rectifier and inverter stations.

To further illustrate how graph partitioning is employed, a general model is given in
Figure 3.7. First, graph partitioning is performed after the power system network is modeled
and stored in the GDB. If we consider the topologies of existing projects, a large-scale hybrid
system can be partitioned into two types of sub areas depending on the connection pattern,

as described below.
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— ACline —-- DCline = Pathsearch

Figure 3.5. Example of system partition by disconnecting DC lines. (a) No AC connections

between areas (b) AC connections still exist.
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Figure 3.7. Partition for generating the distributed areas.

81



1. Type one—Ilsolated areas with pure AC components. After disconnecting DC lines,
the subarea is only composed of AC components, and isolated from other areas, such as Area

2 and Area 3.

2. Type two—Connected AC areas with tie-line. The disconnection of DC lines does not
divide the connected areas. In practical projects, long-distance HVAC and HVDC lines may
coexist to enhance power transmission capacity. Thus, type two areas can be joined,

generating a new larger area, as in Area 1 in Figure 3.7.

In the DC 3 branch example, A; and A, are interconnected and also connected to bus 4
and 5. During the process of partitioning, DC 3 is disconnected and the power on the DC
converters is replaced by extra power injections at buses 4 and 5. The rest of the DC links
are equivalently replaced as extra load injections. After the system is partitioned and
equivalent power is injected, new area slack buses are selected for the isolated areas (buses
1, 2 and 3 in Figure 3.7). In this way, all of the areas can be calculated simultaneously with
a much lower computational burden compared to the size of the original problem. The
following will further explain how NPC and HPC are implemented to improve the

calculation.

1) NPC-formulating PF equation (matrices and vectors), checking convergence and
updating values. In the admittance matrix, the diagonal elements represent buses in the
network and non-zero off-diagonal elements depict existing connections between buses. In
addition, each row vector is related to a corresponding bus in the system. In each row vector,
non-zero off-diagonal elements are linked edges from the corresponding node and the
diagonal element represents the node itself. Consequently, all the elements of the matrices

can be generated locally and independently, indicating the feasible application of NPC. The
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right-hand side vectors in (1) are updated similarly. Thus, all PF equations can be formulated
using NPC. With the exception of equation formulation, convergence checks and status

updates can also be conducted locally.

2) HPC-solving equations. The SM requires multiple processes of FDPF; thus, an
efficient solver is able to quickly find the solution. In each cycle, HPC-based FDPF is
performed on distributed areas at the same time. Vertices at the same level are analyzed and

calculated in parallel.

3.3.3 Performance testing

The experiments are performed on a Linux server, with a programmable GDB platform,
TigerGraph insalled. The server has a Xeon E7-8867 (V3 2.50 GHz) CPU and 64 GB
memory with 16 cores which will serve as the platform for implementing the distributed
AC/DC PF algorithm. The operating system is CentOS 6.8 and the GDB version is 2.2. To

guarantee precision, the iterative tolerance of both the inner and outer loops is set as 1075.

To verify the accuracy and demonstrate the computing performance of the proposed
method, the standard IEEE 300-bus system, two extended South Carolina 500-bus systems
[95], and a practical AC/DC system in China are tested. The two extended South Carolina
systems have 6,000 and 12,000 buses respectively, and the China system has 11,119 buses.
To illustrate the structure of the extended South Carolina systems, we exemplify the 6,000-
bus case in detail. The 6,000-bus case is composed of 12 of the same South Carolina systems,
formatting a loop network with 12 identical DC line connections with each area only
connecting to two neighboring grids. The structures of these three large-scale testing systems

are listed in Table 3.1. The DC parameters are given in Table 3.2.
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Table 3.1. Constructions of the large-scale test systems.

Cases Topology
6,000-Bus 12 South Carolina grids/12 DC lines
12,000-Bus 24 South Carolina grids/24 DC lines
11,119-Bus Hybrid grid in China/9 DC lines
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Table 3.2. Parameters of DC Line in IEEE 300-bus system.

Type Value
No. of bridges 4

DC power (MW) 100
DC voltage (kV) 460
Resistance (€2) 6.8
Reactance () 6.2

T-ratio 0.7478

Firing angles (degree) [15,20]/[18,20]
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Compared with the extended ideal systems, which can be fully partitioned, the 11,119-
bus case is complicated by two factors. First, some areas are still connected even after
disconnecting the DC lines. Second, the operating parameters of the DC lines are diverse

from each other as presented in [94].

To demonstrate the speedup in computing performance, four algorithms, including the
graph computing (GC) based method, the conventional SM (CONV), the default UM and
the modified SM in PSS/E (UPSS and SPSS), are compared. All the tests are performed on

the same computing environment.

Table 3.3 compares the computing speed of the four methods for large-scale systems.
Both the 6,000-bus case and the 12,000-bus case require two outer calculation loops for the
SM, and the 11,119-bus case needs three outer loops. It can be seen that for large-scale
systems, the graph-based method provides better performance when compared with the
conventional method. For the extended ideal systems, since the size of each partitioned area
is the same, the speedup is around 4.5. For the practical system in China, even though its
connections are more complex, the speedup is still over 3. Compared with the UPSS, the
improvement is significant. Apart from the overall speedup, the computing time of doing
graph partitions, formulating PF equations (including building matrices, vectors and
updating interface data), and performing inner FDPF is also compared to indicate the
detailed improvements in Figure 3.8. As discussed previously, the major improvements are
in the areas of graph partition, NPC, and HPC. Specifically, throughout the entire calculation,
graph partitioning is only performed once at the beginning. A 10,000-bus system can be

completely calculated within 50ms. Thus, the level of improvement justifies the extra cost.
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Table 3.3. Comparisons of computing time with different methods.

GC CONV UPSS SPSS

Case . ; ; ;
(in ms) (in ms) (in ms) (in ms)
6,000-Bus 76.135 308.2 247.6 295.2
12,000-Bus 126.18 563.4 453.2 587.3
11,119-Bus 239.1 743.1 621.5 765.8
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Figure 3.8. Comparison of detailed time of the main calculating procedures.



Further, the computing time for formulating equations and doing FDPF is compared in
Table 3.4. The main features of graph computation can be analyzed as follows. First, the
time spent on graph partitioning highly depends on the topological complexity of the hybrid
systems. The parallel partition searches only 500 buses in each area for both the 6,000-bus
case and the 12,000-bus case. Despite fewer DC lines, the longest search path in the 11,119-
bus case has to cover 3,800 buses, increasing the time spent. Second, the speedup of NPC is
affected by system scale. Since each vertex in the graph model can be seen as an independent
logic and computing unit, time saved is more significant on a larger system. Consequently,
the speedup for grids with over 10,000 buses can be as much as 4.9, compared with a speedup
of 3.23 for a 6,000-bus system. Third, the performance of HPC is mainly affected by the
number and size of partitioned areas. Since the two extended systems are ideally made up of
same-size areas, the computing time for each area is close. However, because the sizes of
partitioned areas in the 11,119-bus case vary widely, the overall computing time is
determined by the largest area. Therefore, the speedup is a little smaller compared to the

6,000-bus and 12,000-bus cases.

In summary, after the system is modeled and stored in a GDB, the vertex and edge based
parallel computation can be performed naturally and directly. With graph partitioning, the
original large-scale system can be split into multiple independent AC grids, which are fit for
distributed processing. Furthermore, the graph computing techniques based on NPC and
HPC that efficiently utilize underlying multi-core computing architecture, are implemented
in the SM to speed up the main time-consuming processes of formulating equations and
solving FDPF. Simulation results on large-scale systems with over 10,000 buses show

significant speedup of the proposed method without compromising accuracy.
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Table 3.4. Comparison of time spent on two major procedures.

Formulate Equations

Cases (in ms) PF (in ms)
GC CONV GC CONV
6,000-Bus 10.3*2 33.2*2 20.1*2 120.9*%2
12,000-Bus 13.8*2 53.4*%2 29.4*2 228.4*2
11,119-Bus 12.3*3 60.4*3 51.7*3 187.3*3
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3.4 Improved sequential SE algorithm using virtual connections
3.4.1 Procedure of generating virtual connections

In general, there are two shortcomings leading to worse computing performance,
estimation accuracy, and convergence speed. First, the decoupled topologies reduce the
connecting relationships between AC and DC grids. The interface data, including Pg;/Q; at
PCCs and P,;/Q.; at converters, is only involved in SE of DC grids. However, measuring
equations are not carefully considered in SE of AC grids. Namely, the interface data is only
updated once from DC side within a single inner calculation loop. Therefore, more loops are
required before achieving global convergence. Second, the calculation of converter power
loss Pyyss,i iN (2.12) cannot be accurately solved together with the estimations. In fact, the
power loss is expressed in terms of I;; which is updated after each inner estimation. Since
I; is classified into the DC grid in the conventional SM, its accuracy only relies on the DC

measurements that are lower redundant.

To overcome the shortcomings without making great changes to the conventional SM,
DC grids including interface components and DC lines, can be equally represented as virtual
connections, and integrated into AC grids. Afterwards, the complete system structure can be
considered, and interface data is calculated and updated from both AC and DC sides.

Detailed steps are introduced as follows:

1) Redraw the decoupled boundaries between AC and DC grids. Unlike the conventional
SM that selects PCCs as the boundaries between AC and DC grids, the new decoupled
boundaries are at the AC sides of converters (ASC), as shown in Figure 3.9. Hence, the

interface connections and the corresponding variables are included in the AC grids.
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Figure 3.9. Redrawn decoupled boundaries between AC and DC grids.
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2) Add virtual buses to represent ASC. As shown in Figure 3.10, ASCs can be seen as
virtual AC buses for SE analysis with the measurements of PJi*, Q% and |U}|. Afterwards,

the original AC grids are extended to include the interface branches with the impedance of

Ry; + jX;, and the virtual AC buses representing ASC.

3) Virtual connections for DC lines. To strengthen the connections of AC grids, DC
branches can also be equivalent to virtual AC branches. Based on the volage conversion
equation given in (2.11), the new parameters of virtual AC branches representing the DC

lines can be given as:

Ri\j/irtual + jxi\j/irtual =( UCi _UCj )Rdc,ij (32)
\/EUci _ \/Eucj
My M

Note that U,., u; and M; are calculated from the estimations from inner calculation loops.
Therefore, the virtual connections are dynamically updated and corrected together with the
sequential estimation. Consequently, the accuracy of the equalization is improved during the
process of SM calculation. By redrawing boundaries and adding virtual connections, the new
topology for AC SE is shown in Figure 3.10. Consequently, the interface data is involved in
both of the estimating processes. By extending the AC grids, the entire topology and system
parameters can be approximately modeled in AC SE. Thus, the integrity is enhanced to
achieve faster converging speed and estimation accuracy. The overall flow chart of the

proposed improved sequential state estimation (ISSE) is shown in Figure 3.11.

3.4.2 Case study and simulation results

In this section, the proposed improved sequential SE algorithm is tested on two modified

VSC-MTDC systems to verify its feasibility and efficiency in different situations. Detailed
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structures, parameters and settings of the modified IEEE 5-Bus system (Case 1) and the
modified RTS-96 Bus system (Case 2) can be found in [52] and [59]. To guarantee the
reliability of the simulation results, all tests are executed 50 times to reduce accidental errors.
The measurements are generated by adding random errors that follow Gaussian distribution,

N~(0,a) on power flow results.

First, estimation accuracy is evaluated in two ways. Each estimation is initially compared
with the corresponding true value (TV) to check the individual mismatch. And the overall
accuracy is evaluated by using a performance index. Obviously, a smaller index value of &
denotes that estimations are close to TVs with better accuracy. In the first scenario, both
cases are tested with full redundancy, meaning all measurements are applicable. The
comparisons are given in Table 3.5 and Table 3.6. The units of voltage magnitude and angles
are in p.u. and degrees, respectively. In addition, the standard deviations for AC and DC
measurements are o,. = 0.0215, 0,4, = 0.015. Convergence tolerance is set as 1 x 1078,

Results with better accuracy are highlighted.

Note that when all measurements are applicable, test cases have the largest redundancy
to filter out errors. Compared with the conventional SM, the proposed method has greater
accuracy with smaller largest mismatches and index values, but the estimations are very
close. We repeat the experiments with lower redundancy in AC measurements, and the
changes of performance index values are shown in Figure 3.12. Obviously, the accuracy of
both methods is reduced when redundancy is lowered, but the proposed method has greater

robustness against the reduction, and the increase of the index value is smaller than the SM’s.

In addition to estimation accuracy, convergence speed is another important criterion that

should be considered in SE analysis. Since the SM utilizes double loops to estimate, the
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Table 3.5. Comparisons of largest mismatches for both cases.

Largest AC estimations DC estimations
Case mismatch |Ugel Ouc [Ugel M )
ISSE 0.0027 0.0015 0.0008 0.00019 0.0035
Case L SM 0.0035 0.0018 0.0017 0.0022 0.0036
ISSE 0.0054 0.0021 0.0029 0.0103 0.0093
Case 2 SM 0.0063 0.0023 0.0031 0.0112 0.0093




Table 3.6. Comparisons of index values for both cases.

Case '3 AC side DC side Whole system
ISSE 0.4211 0.7331 0.5692
Case 1
SM 0.4251 0.7492 0.5862
ISSE 0.7471 0.8587 0.7982
Case 2
SM 0.8255 0.8766 0.8342
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calculation can be time consuming if the convergence speed is slow. The comparisons of the

number of iterations to achieve global convergence are listed in Table 3.7.

Table 3.7 lists the number of iterations for both inner and outer calculation loops. For
example, to estimate Case 1, the improved sequential SE executes two outer loops containing
3 iterations in the first inner loop and 2 iterations in the second inner loop. It is noted that
the proposed algorithm has faster convergence speed with fewer iterations to achieve global
convergence because the interface data, together with power loss, is calculated and updated
twice from both the AC and DC sides within one inner iteration. To better illustrate, the
convergence of total power loss is compared in Table 3.8. Based on the PF calculation, the
TVs of total power loss for both cases are 3.745 MW and 16.252 MW, respectively. By
leveraging virtual connections, power loss can be calculated together with AC estimations
and subsequently updated in DC estimations. Compared with the conventional method in
which the power loss is calculated independently from inner loops, the improved algorithm
is more efficient at providing more accurate power loss. Table 3.8 shows that although both
methods can coverage after several outer calculations, the calculated power loss with the
improved algorithm is closer to the true value with fewer iterations, leading to faster

convergence speed.

In summary, to overcome the shortcomings of the conventional SM, the boundaries
between AC and DC grids are redrawn in the first step. The interface connections and the
ASCs can be modeled as virtual AC components, and subsequently integrated into AC grids.
Furthermore, the DC lines can be dynamically equalized to virtual AC branches and updated
together with inner estimations. Afterwards, the topology integrity of the SE model is

enhanced. Interface data including power loss can be calculated and updated together with
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Table 3.7. Comparisons of iterations for both cases.

ISSE SM
Case i i i i i i i :
Outer iterations | Inner iterations | Outer iterations | Inner iterations
Case 1 2 3/2 3 3/3/2
Case 2 3 4/3/3 5 514131212
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Table 3.8. Comparisons of total power loss (mw) for both cases.

Case Iteration 1 2 3 4 5
ISSE 3.983 3.735
Case 1
SM 4.021 3.842 3.734
ISSE 16.195 16.237 16.252
Case 2
SM 16.039 16.157 13.211 16.243 16.252

102



estimating processes. Thereby, greater accuracy and faster convergence speed is achieved.
The algorithm has been properly tested. Numerical simulations verify the feasibility and

efficiency of the proposed algorithm.

3.5 Chapter Summary

In this chapter, the conventional SM is further improved to achieve better computing
performance via two main methods. First, graph computing techniques are applied for faster
computing speed. The hybrid systems are modeled as a graph with vertex and edge, and then
stored in the GDB. Afterwards, advanced parallel computing methods of NPC and HPC are
implemented in the SM. The calculation processes of generating admittance matrices, LU
factorization and forward-backward substitution can be significantly accelerated.
Furthermore, the shortcomings of low accuracy and slow convergence speed in the
conventional SM are overcome by extending AC grids. The interface links and DC networks
are equivalently modeled as virtual connections integrated into the AC grids. The structural
integrity can be enhanced, and the interface data can be directly estimated from both sides.
Consequently, both greater accuracy and faster convergence speed are achieved with the

proposed method.

Utilization of graph computing techniques and the virtual connections method can
significantly improve the computing performance including computing speed, estimation
accuracy and convergence speed in the SM without making great changes in the calculation

flow chart. Therefore, the two proposed methods are very useful and flexible.
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Chapter 4 SE for VSC-MTDC Systems with Droop
Control Using Bound-Constrained Nonlinear Least

Squares and Levenberg-Marquardt Method

Control strategies of VSCs describe the predetermined principles that can be used to
precisely identify the operating states. Early literature only considers the simplest control
strategy, namely constant control in the SE formulations and algorithms. However, the
innovative, efficient, and flexible droop control strategies have not been integrated into SE
analysis so far. Compared with the constant control strategies, droop control reflects the
dynamic regulation feature of VSCs. In addition, a practical droop control strategy may be
composed of several different operating stages to provide more flexibility. These dynamic
features should be carefully considered in the quasi-steady SE analysis. In this chapter, an
improved SE approach is proposed to include the droop control of VSCs in SE analysis. The
operating behaviors of droop control are analyzed and formulated in the SE model. The new
SE problem can be solved by using the BCNLS method which can accurately estimate the
operating stage of VSCs. Afterwards, the LM method is leveraged to avoid divergence in
solving SE equations. The verification study indicates that the proposed algorithm can
accurately represent the operating functions of VSC droop control by introducing inequality

constraints on the DC voltage.
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4.1 Introduction

Modern power systems increasingly require bulk power transfer capability and long-
distance transfer ability, and thus flexible controllable VSC devices and HVDC have aroused
great interest. Existing engineering projects on VSC based hybrid systems have
demonstrated the previously mentioned advantages. The advanced features of VVSCs also
make it easy to construct multi-terminal systems, which can integrate multiple asynchronous
AC grids. Therefore, VSC-MTDC technology is regarded as a promising solution in building

super grids to connect a variety of renewable energy sources from different areas.

In a meshed VSC-MTDC system, power balance and stability is indicated by the DC
voltage on each DC bus. DC voltage is the essential factor that indicates the power balance
and the stability of a VSC-MTDC system. Compared with a conventional AC grid with high
inertia, the transient response in a DC grid is extremely fast [96]. Furthermore, the DC
voltage control should be able to handle the fast-electromagnetic dynamics in the DC grid
[97], [98]. Therefore, it is unrealistic to rely on telecommunications for MTDC control.
Local control per terminal, at most modified by a slow central coordinating control, seems
to be the favored control option. Such DC voltage control techniques can be categorized into
centralized DC slack bus control, voltage margin control and distributed voltage droop

control.

In the centralized DC slack bus control, only one VSC station is selected as the DC
voltage control station to compensate for the power imbalance of the entire DC grid. Other
stations are responsible for regulating the injected power, PCC voltage or AC frequency.
However, if the slack station is over-rated or blocked, the stability of the entire DC grid will

be lost. Therefore, slack bus control is more suitable for the two-terminal DC system which
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has a simple structure and is more likely to operate under lower voltage and capacity.
Voltage margin control can be considered to be an improved DC slack bus control with
multiple stages of alternative slack buses [99]. The role of voltage regulation can be taken
over by another station once the old slack bus is offline or reaches its limit. However, several
disadvantages remain for voltage margin control especially in a large MTDC system [100].
For example, the switch speed of stages in different stations is dependent on the reliability
of telecommunications. In large-scale VSC-MTDC systems, the communication delay can
increase drastically. On such occasions, the entire system may lose stability if the old slack

station has exited but the new slack station has not been put into use on time.

Droop control can significantly enhance the reliability of the DC grid since all VSCs in
different stations contribute to regulate DC voltage and power simultaneously without
communications. Various types of voltage droop strategies, including voltage-power (V-P)
droop [101], [102], voltage-current (V-I) droop [103] and two-stage voltage droop with
different dead-bands and limits [104], have been proposed for VSC-MTDC systems.
However, prior art has focused on the dynamic behaviors of voltage droop, while the steady-
state aspect of various droop lines has not been addressed in detail. Droop control is likely
to be employed in the interests of dynamics and stability, whereas the use of such quasi-
steady-state droop characteristics could significantly increase the complexity of SE analysis.
Under such situations, the operating point and power sharing of the system vary with the
power disturbances and the impact of the quasi-steady-state droop lines on the SE analysis
needs to be well understood. Furthermore, the relationships between DC voltage and DC

power are restricted and described by the piecewise operating functions of different stages
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in droop control. The added parameters, operating equations and piecewise stages should be

modeled in SE analysis to improve the accuracy.

This chapter is organized as follows: Section 4.2 presents the quasi-steady-state models
of various droop control strategies. Section 4.3 formulates the modified measuring equations
for SE analysis with droop control. Section 4.4 proposes the improved methods of BCNLS
and LM to estimate VSC-MTDC systems with droop control. The accuracy and efficiency

of the proposed estimator are verified in Section 4.5. Section 4.6 concludes this chapter.

4.2 Quasi-steady-state models of droop control

In this subsection, quasi-steady-state droop control models are formulated with detailed
operating features. In addition to the basic preset operating points in constant control, droop
control brings clear and precise operating relationships between DC voltage and DC power.
Furthermore, the quasi-steady-state models also include advanced droop control techniques

such as two-stage strategies and dead-band.

4.2.1 Constant control strategies

As fully-controllable electronic equipment, VSCs can independently control active and
reactive power injection with respect to the AC system due to the decoupled current control
[105]. As mentioned in Chapter 2, the active power control can be modeled in two different
ways, namely constant P, and constant Uy.. Normally, in am MTDC grid composed of n
VSC stations, only one converter is selected to be controlled with constant DC voltage and
is responsible for compensating the power imbalance of the entire DC network. This selected

converter also operates as a DC slack bus to adjust the power to account for DC grid power
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losses and keep up the voltage stability of the DC grids. The constant active power control

modes are depicted in Figure 4.1.

For a large-scale VSC-MTDC system containing x different MTDC grids with a number
of y VSCs in total, there will be (y-x) converters that are controlled with their output power
and y converters that remain as slack buses. Therefore, as discussed in Chapter 2, the preset

operating points can be seen as pseudo-measurements with high weights in SE analysis.

With the DC system voltage being the most crucial control variable, more focus has been
dedicated towards the distributed control of the DC voltage with the help of multiple
converters instead of the centralized control on a single converter. As depicted in Figure
4.2(a), the output power of a single converter is not finite. In practice, whether operating as
a rectifier or as an inverter, the slack converter can only compensate for limited power
imbalance due to its own capacity. When the power limits are violated, the old slack
converter will switch to being controlled with constant P, and another converter will be

selected to take the responsibility as the new slack bus.

In addition, when the aforementioned control structure is used in a multi-terminal
configuration, voltage margin control can be utilized as the new scheme which provides a
switchable DC slack converter in case the main slack VVSC fails or is blocked. The steady-
state V-P relationship is illustrated in Figure 4.2(b). The voltage margin at different
converters can be determined such that different converters can take over the DC voltage
control, given that only one converter at a time can control the DC voltage [106]. Essentially
speaking, voltage margin control can be seen as the combination of multiple slack controls
with different preset operating points. In one sampling period in SCADA, there is still one

converter operating with precise DC reference voltage. Therefore, the measurements and
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operating functions are not affected in SE analysis.

4.2.2 Dynamic models of droop control

A VSC is able to independently control the output active and reactive power with the
fast and decoupled dq current control. The decoupled control strategy schema is shown in
Figure 4.3, which consists of both a physical structure and a time-domain control model.
The dq control is made up of an outer control loop and an inner current control loop. The
control structure with decoupled current compensation and voltage feed-forward
compensation is adopted in the inner current control loop, which can track the reference
current quickly. The outer controllers include the DC voltage controller, the active power
controller, and the reactive power controller. Pl regulators are used in all these outer
controllers to eliminate the steady state errors. Obviously, the implementation of decoupled
control and PI regulators can help control active and reactive power independently at the

preset operating points [107], [108].

To further regulate the DC voltage and enhance the system stability, the so-called droop
control is employed, which is a technique that enables power distribution among different
VSCs without relying on long-distance communications. The droop control acts on the outer
loop imposing a current reference to the inner loop. The current and, thus, the power in the
converter are directly governed by the current control in accordance with the reference
imposed by the voltage loop. A simplified diagram, together with a cascaded controller is
depicted in Figure 4.4. Contrary to the standard constant control, which presets the fixed
operating points, the droop control has larger operating range and can regulate all converters

due to their own states.
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4.2.3 Quasi-steady-state models of droop control

In SE analysis, the fast-dynamic regulating processes can be considered much faster than
the sampling speed of SCADA, and thus the droop control can be represented with quasi-
steady-state models. Take the two types of droop control depicted in Figure 4.4 for example,

if the V-P control is used for VSC i, the output DC power can be controlled according to:

* *

Paci = Pdc,i - ch,i (Udc,i _Udc,i) 4.1)

dc,i
Similarly, if the V-I control is used for VSC i, then the output DC current can be

controlled according to:

*

Idc,i = Idc,i - ch,i(Udc,i _U;c,i) (4-2)

In addition, (4.2) can be represented in terms of the output DC power by multiplying DC

voltage as:

Pdc,i =Udc,i[|* - ch,i (Udc,i _U;c,i)] (4-3)

dc,i
Specifically, based on the measurement functions given in Chapter 2, the DC power and
DC current can be substituted in terms of DC voltage. Thus, the steady power balance of

(4.1) and (4.3) can be rewritten as:

O:Udc,i Z _Yd

jei, j#i

(Udc,i _Udc,i) + K, (Udc,i _U;c,i) - F’dz. (4.4)

c,ij

0= % YuiUgi ~Ugei) + K Uge _U;c,i)_ I;c,i (4.5)

4= Tdciij
jei, j#i

Obviously, both V-P droop control and V-1 droop control can be represented in terms of

DC voltage. In specific, the droop control can be seen as a strictly-restricted function as:
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C(X) = C(Udc,i) :Udc,i ) z _ch,ij (Udc,i _Udc,i)+ ch,i (Udc,i _U;c,i)_ Pd:i =0 (4'6)

jei, j=i

c(X)=cUyq;) = 2 Vi Ugei —Ugei) + Koo Uy, _U;c,i)_ I;c,i =0 (4.7)
jei, j=i

(4.6) and (4.7) are derivate from the most generalized form of droop control. However,
in practical engineering, droop control can be enhanced with other features. The operating

functions, together with SE formulations are discussed in the following subsection.

4.3 SE formulation of droop control

In this subsection, several practical droop control strategies are shown and modeled. For
simplicity, the improved features are all based on V-P control. Furthermore, the operating

equations, together with the measurements and state variables are prepared for SE analysis.

4.3.1 Improved V-P droop control strategies

To ensure coordinated operation and retention of viable operating points of the VSC

stations, droop control can be realized with different strategies based on [109] and [110]:

* Basic V-P droop control [99]. Basic V-P droop control can be seen as a combination
of constant active power control and constant DC voltage control. It tries to control power
to its reference level while at the same time contributing some balancing power. The
contradiction is handled by introducing a linear control equation in terms of active power
and DC voltage. Assuming that VSC stations can compensate for power imbalance and
regulate DC voltage within a large range, the operating characteristics are depicted in Figure

4.5(a). In general, basic V-P droop control is too idealistic to be used in practice.

* V-P droop control with power limits [111]. Given the capacity limitation in a VSC

station, the regulating range of DC voltage is restricted within the range of lower and upper
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P* > Pmin P* Pmax
(a) dc P (b) dc
| Kee | Ky,
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min min * »
P P Pdc pmax P

(d)
Figure 4.5 Basic and improved types of V-P droop control (a) Basic V-P. (b) V-P with
power limits. (c) V-P with dead-band. (d) Two-stage V-P with dead-band.
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boundaries of output active power. Under this circumstance, once the compensating power
reaches the limits, the station will fix the output power and switch from droop control to

constant power control, as depicted in Figure 4.5(b).

* V-P droop control with dead-band [112]. Just like with voltage margin control, the

converter operates at a constant current/power control modus as long as the voltage is within
the normal operation band or margin. If the voltage deviates to the limit of the dead-band,
the controller switches to droop control. When the voltage droop with a power dead-band
shown in Figure 4.5(c) is implemented, the scheduled power is produced by the converter as
the DC voltage is maintained close to its nominal value. Once the voltage exceeds the dead-
band zone, the converter power will adjust to contribute to the stabilization of the dc grid.
On one hand, the implementation of dead-band can help converters work within the ideal
and safe DC voltage range in normal operation. On the other hand, it also provides the ability

to maintain the power balance when large vibrations occur.

* Two-stage V-P droop control [113]. This control strategy provides different droop

constants depending on the operating states of VSCs. As depicted in Figure 4.5(d), when a
VSC is operating under high DC voltage, the voltage margin is relatively small. Therefore,
the droop constant should be large to ensure that the voltage limit is not violated. By contrast,
when the voltage level is low, the VSC should be sensitive to power changes in order to
adjust DC voltage. The two-stage V-P droop control is more flexible because it uses different

droop constants. However, it also brings challenges on designation.

Based on the designing idea of two-stage V-P droop control, another efficient strategy is

given in Figure 4.6. The voltage limits can be enabled by introducing two or more stages of
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Figure 4.6. Two-stage V-P droop control with voltage limits.
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droop. As the overvoltage or undervoltage threshold is violated, the droop control constants

will be increased in order to maintain the voltage within an acceptable range.

4.3.2 Operating equations of droop control

Assume that the power limits are not violated, which means VSCs operate under droop
control. In addition, take the most complex and practical two-stage V-P in Figure 4.6 as the

example. Each voltage droop line is essentially a function between the voltage and desired

power output. Differentiated by the voltage level, these linear functions of the converter
power can all be represented in the form of typical droop lines. To begin with, the output

power corresponding to UT*** and UZ“" can be calculated by:

P ™ = Pi — Ky, (U™ —U™) (4.8)
P ™" =Pl — K, (Ug" —Ug™) (4.9)

Then, the controlling equations in Figure 4.6 can be described with piecewise linear

equations:
P = fUg) = PY ™ =K, (Uy, —UF™), for U, >UR™  (4.10)
Pe = f,(Uy) = P — Ky, Uy —UG™), for U™ <U, <U> (4.11)
P.=f.U,)=P,, for U™ <U, <u; ™" (4.12)
Pdc = f4 (Udc) = sz - ch,z(Udc _U;'clow)1 for Uc*iémin SUdc SU;'CIOW (4-13)
Pdc = fs (Udc) = Pdg_min - ch,l(Udc _Ucri?n)’ for Udc SUcT;in (4-14)

Substitute PY-™a% and PY-™™ in (4.10) and (4.14) with the expressions in (4.8) and

(4.9), respectively. Then, the unified piecewise equations are given as:
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Pre =Ko, U™ —Ug"") =K, (U U ™), for U, >U &>

P* — Ky, Uy —UM™"), for U™ <U, <U >

P.=1P;, for U™ <u, <u;"" (4.15)
Pdc —Kiez (Udc *IOW) for Udcmm <Ug <Udclow

sz — Kee.2 U dngin _U;clow) - ch,l(Udc mm) for U, <Ug o

dc —

4.3.3 Measurements and state variables

Based on (4.15), the DC power can be described with a piecewise equation, which can
also be seen as the measurement functions for SE analysis. Therefore, it is necessary to
reconsider the set of measurements and state variables for droop control. For simplicity, a
generalized two-stage V-P droop control is used as the example as depicted in Figure 4.7.
Based on the generalized two-stage V-P control model, (4.15) can be reformulated as:

Pi = KaoaUge ~Ug™), for U, 2U™
P, =1 Py, for U™ <uU, <u;me (4.16)

dc —

* hlgh * low
Pdc dcl(Udc ) for Udc <Udc

It is noticeable that (4.16) is a piecewise linear equation composed of three segments.
Based on the quasi-steady-state analysis, the droop constants are difficult to measure directly
because of their small dynamic variations. Therefore, the parameters and variables in (4.16)

can be categorized into three types as follows:

1) Preset operating points include Pj,., U;'CIOW and U;'Chigh . The values of these

parameters are given in advance and can be seen as constant.

2) Measurements of DC power and DC voltage are similarly categorized into the set of

Zac—dc-

120



ch,l

_______ * high
U dc

______ * low
I\ U dC

|
|

! K

| dc,2
|

|

= -
Pdc P

Figure 4.7. Generalized two-stage V-P droop control.
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3) State variables of K, 1, K4c and Uy, form the minimum vector of variables for all

measurement functions.

Furthermore, since the constant active power control discussed in Chapter 2 is replaced
by the droop control, the overall measurements and state variables should be reformulated

as given in Table 4.1.

Obviously, the pseudo-measurements of PS¢t and U3¢ are removed from the set of
measurements. The state vector x,._ . iS enlarged with the integration of droop constant

K4 Thus, (4.16) can be rewritten in the shape of measurement functions h(x) as:

P — Ky Uy —UL™) +e, , for U, U™

dc —
PP =hU,,K,)=1Ps +ep , for U™ <u, <y (4.17)
I:>dc dc 1(Udc *hlgh) +eP 1 fOf Udc SUdclow

Consequently, all the measurement equations are given. In the next subsection, an
improved SE algorithm will be given to show how the piecewise measurement function can

be solved.

4.4 Improved SE Algorithm to Include Droop Control

In this subsection, an improved SE algorithm is proposed to include the SE formulation
of a VSC with droop control. The innovative algorithm leverages the BCNLS method to
enhance the accuracy of the estimator by remedying the boundary restrictions with inequality
constraints. Furthermore, the modified SE problem is solved by using the LM method instead

of the conventional NR method in order to improve convergence.
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Table 4.1. Measurements and state variables for VV-P droop control.

Type Measurements Type State variables
m m m m m
Zgc Pac,i' ac,ij’ Qac,i' Qac,ij' ac,i Xac Uac,i' eac,i
m m m m m m m m m
Zgc | Paci Pacij Udc,iPsi» Qsir Pei» Qcir Usi» U Xdc Udc,i» M, 6i, Kac
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4.4.1 Intuitive piecewise SE method for droop control

It should be noted that the implementation of droop control does not affect the AC grids
in VSC-MTDC systems, and the FDSE algorithm can still be used to estimate the AC grids.
Furthermore, the interface calculating procedures in the SM remain. Therefore, in the
following discussions, all the research objects are focused on the estimations in VSC grids.

That is to say, the goal of the SE is to minimize the residual equation as given by:

J(X) =[z-h(X)]'W[z-h(x)] (4.18)
where the sets are limited in DC grids. Although the measurement function (4.17) is

piecewise, it can still be analyzed in a simple method by estimating each segment.

As illustrated in Figure 4.8, the measurements UJ and PJ} can be detected before
performing SE analysis. That is to say, based on the raw measurements, the operating state
of VSC droop control can be pre-supposed. Back to Figure 4.8, given that the measurement
of DC voltage is larger than the upper DC voltage of the dead-band, the VSC can be assumed

to operate in Stage 1. Therefore, the measurement function (4.17) can be equalized as:
P =N(Uge, Kqo) = Pie =Koy Uy —Ug™) +eg, (4.19)
Subsequently, the estimations of DC grids can be solved by integrating all the measuring
equations. By executing the SM, the final converged results can be achieved, and the
estimations can be solved:

Ugca,li = Ljdc,i
Pdcca: Ljdc,i ) Z _ch,ij (Ljdc,i _Udc,j)
el, j#

jei, j#i

(4.20)

However, it should be noted that the previous calculation is based on two assumptions:

1) The measurements of DC voltage are accurate enough and Uj. > U;figh IS correct. 2)
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Figure 4.8. Measurement U] and PJ} in two-stage droop control model.

125



The calculated US% is also larger or equal than U;’Chigh. If the estimated DC voltage violates

the boundaries, the supposed operating state has to switch to another state and redo the

calculation. As shown in Figure 4.9, when the measurement of DC voltage is very close to

the endpoint Vd*c'high , measurement errors can greatly affect the determination of the
operating state. The test results of this method will be given and discussed in Section 4.5.
Another potential problem is that the estimations of DC voltage from two different stages
may oscillate around the endpoints, and the computation keeps going. These problems have
two potential causes. First, the inequality constraints of DC voltage in (4.17) are not
considered in the WLS algorithm, leading to an unconstrained least-squares problem.
Therefore, the optimization is not strictly restricted. Second, the Gauss-Newton method for
the WLS algorithm is sensitive to the condition of metering strategy. Moreover, the WLS
algorithm takes a large step while iterating such that the linear model becomes invalid or too
approximate because of the quadratic nature of the criterion function J. In such a situation,
the WLS estimator oscillates near the solution point increasing the error criterion function
instead of decreasing it [114]. Therefore, it is important to enhance the positive definite

feature of the gain matrix [115] .

4.4.2 LM method for nonlinear WLS algorithm

In this subsection, a generalized nonlinear WLS problem is reformulated and solved via
different methods. Analysis of the comparisons demonstrate the LM method is more suitable

for solving an SE problem when the gain matrix is ill-conditioned.

First, a nonlinear least-squares problem can be given in the general form as:
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Figure 4.9. Failure of the intuitive piecewise SE with droop control.
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min F(x):%i(fi(x)z):%Hf(x)”z, X =[X. X ] (4.21)

where the size of variables x is smaller than the set size of nonlinear objective functions f(x).
For the overdetermined problem of (4.21), the values of optimized x can be estimated by
solving the nonlinear least-squares problem iteratively. In general, this problem can be
solved with line-search and trust-region methods [116], including the gradient descent

method, the Gauss-Newton method and the LM method [117].
1) Gradient descent method. For (4.21), we give the Taylor series at the first order:
F(x+ah)=F(x)+ah'F (x) (4.22)

where Ax = ah, meaning the iterating correction is composed of the step and direction.

When the step o is small enough, we have:

. F(x)—F(x+ah) 1 - -
lim =——h F (x)=—|F (x)||cos & (4.23)
S T 7

where 0 is the different angle between h and F'(x). Obviously, when 6 = m, eq. (4.23) has
the largest value. Thus, the search direction should be hy; = —F'(x) for each iteration. It
should be noted that the gradient descent method can only guarantee fast search for the local
minimum in each iteration. From a global view, the gradient descent method is slow.

Therefore, it is not an ideal method for solving the nonlinear least-squares problems.

2) Gauss-Newton method. First, give the Taylor series of the i element in the function

set f as:

f (x+Ax) = f (x)+ fi'(x)Ax+¥Ax2 +... (4.24)

Retain the first order and f;(x + Ax) is approximately equal to:
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f,(x+AX) = f,(X) + I (X) A (4.25)

Thus, the Jacobian matrix of the first-order partial derivatives for the set f is given as:

(o () A(X)

Vi) X, X,  OX

vigg| [T 09 o)
J)=| =] ox OX, OX, (4.26)

VRO a0 o a0

ox, ox,  Ox

Afterwards, the goal is to find the best Ax to minimize ||F(x + Ax)||?. Similarly, Ax*
can be achieved by solving another least-squares problem:
. .1 2 .1 2
AX" =argmin §||F(x +Ax)|” =argmin,, E”F(X) +I)A)| (4.27)

(4.27) can be expanded to give:

1|| F(x)+J (x)Ax)||2 _1 (F(X)+ I (X)AX)" (F(X) + J (X)AX)
2 2 (4.28)
_ % (F Q| +2F (07 I () Ax -+ AXTJ ()7 I (x) AX)

To get the optimal point, take the derivative of (4.28) with respect to x. Then we have:
J(X)"I(X)AXx=-3T (X)F(X) (4.29)
Thus, we get the Gauss-Newton function in terms of Ax, which can be simplified as:
HAx=g, where H=J"(X)J(X) & g=-J"(X)F(X) (4.30)

The Hessian matrix H is essentially approximately achieved with J7(x)J(x). It should

be noted that (4.30) plays the most important role in achieving the solution. To guarantee
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the locally optimal solution, matrix H must be positive definite. However, in solving real

problems, matrix H might be ill-conditioned, leading to divergence or a large error.

3) LM method. To improve the convergence of (4.30), the matrix H has to be strictly
positive definite. Therefore, we can add the non-negative damping factor A to replace H.

After that, (4.29) is expressed as:

AT (X)IX)+ADNAXx==I" (X)F(X) (4.31)
where | is the identity matrix with the dimension of (n x n). Therefore, even J7(x)J(x) is
not positive definite or ill-conditioned, the augmented matrix (J7 (x)J(x) + AI) can still be
positive definite as long as A is large enough. In general, the damping factor can be adjusted

by introducing a metric p which is defined as:

_ F(x+Ax)-F(x)
- J(X)Ax

(4.32)

If p is larger than the threshold, then A should be reduced to achieve a larger iterating
step. Otherwise A is increased and the algorithm proceeds to the next iteration. That is to say,
the LM method has better convergence when the matrix H is not positive definite or ill-
conditioned. In addition, when the matrix H is positive definite, the LM method can also

achieve the estimations with more iterations than the Gauss-Newton method [116].

The LM method is actually a combination of the two other minimization methods. In the
gradient descent method, the sum of the squared errors is reduced by updating the parameters
in the steepest-descent direction. In the Gauss-Newton method, the sum of the squared errors
is reduced by assuming the least squares function is locally quadratic and finding the
minimum of the quadratic. The LM method acts more like a gradient descent method when

the parameters are far from their optimal value and acts more like the Gauss-Newton method

130



when the parameters are close to their optimal value. Comparisons of the three methods are

listed in Table 4.2.

4.43 BCNLS method

Studies in the previous subsection are established on the assumption that the least-
squares problem is not constrained. That is to say, all variables are not bounded. However,
in the real world, physical restriction can greatly affect the estimations. In general, the least-

squares problem in (4.21) should be formed as:

min 51100l 39
st.  I<x<u

where | and u are vectors of lower and upper bounds on the state vector x. Thus, the modified

least-squares problem and the bound-constrained problem, a.k.a. the BCNLS. Some

algorithms have been proposed to solve this problem, such as ASTRAL, BCLS, L-BGFS-B

and NEO Server [118]-[121]. In general, there are three goals in solving the BCNLS problem.

First, the algorithm should serve both small and large problems well. Second, the algorithm

should be fast enough to meet the computing speed requirement. Last but not least, the

variables should always be feasible at each iteration.

Based on the bounded constraints in (4.33), the simple bound constraints can be

superimposed on each iteration k as:

I <x*+Ax <u (4.34)
I < AX* <u” (4.35)

where I¥ = [ — x*, and u* = u — x* are the lower and upper bounds of Ax* at iteration k.

Then, we combine (4.27) with (4.35) to get the new BCNLS problem in the form of:
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Table 4.2. Comparison of three methods in solving WLS problem.

Method Advantages Drawbacks
Gradient 1. Computationally efficient. 1. Slow converaing speed
Descent 2. Insensitive to initial estimations. ' ging speed.

Gauss-Newton

1. Fast quadratic convergence.
2. Approximate Hessian matrix.

1. Sensitive to initial estimations.
2. Hessian matrix must be positive
definite.

Levenberg-
Marquardt

1. Trust region.
2. Convergence guaranteed.
3. Fewer accumulated errors.

1. Slower than Gauss-Newton
method when Hessian matrix is
strongly positive definite.

2. More complex than Gauss-Newton
method.
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min %HJ (X)AX® + F(xk)Hz

st IF<Axf < (4.36)
|AX|| < A¥

The subproblem (4.36) can be transferred into a two-norm regularized problem as:

. 1.« K PINT- I R k|2

min EHJ (X)AX* + F (x )H2+§(/1 )*||ax Hz (4.37)
st. I <Ax* <u®

for some A* > 0. This problem can be solved directly with the soft package BCLS. The next

step is to give a good A* in each iteration to guarantee convergence. The selection of the

damping factor 2% can be given by applying the self-adaptive damping strategy of the LM

method. Consequently, the BCNLS problem can be solved with the method given in [122].

4.4.4 Formulation and solution for droop control

Now, let us go back from the generalized BCNLS problem to the specified WLS problem
for SE analysis, and figure out how the operating characteristics can be implemented. First,

the generalized LS equation (4.21) is specified as:

min  J(x) =[z—h(X)]'W[z —h(x)]

- éwi[zi —h (X, X,)] (4.38)

st. I<x<u
It should be noted that j(x) and z; — h;(x) stand for F(x) and f;(x) in (4.21),

respectively. Afterwards, the Jacobian matrix in SE is resented with H (x):
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oh(g oh(g  ah(x)

H. (%) o, OX, oX,

Hl(x) oh(x) oh(x)  dh(x)
H)=| 2" |=| ox OX, OX, (4.39)

WO a0 o e

X, x, O

Note, in the traditional expression of SE, H (x) is the Jacobian matrix instead of Hessian
matrix. Furthermore, the approximate Hessian matrix can be achieved in terms of H(x) and
W:

G(x)=H" (X)WH (x) (4.40)

Note, the gain matrix G(x) in SE analysis is modified by multiplying the weighted

matrix W. However, the structure does not change. Finally, we have the iterative computation:

G(x)Ax = HT (X)WH (x) |Ax = HT (x)[z —h(x)] (4.41)
H(X)Ax=[3"(X)I(x)]Ax = J" (X) f (X) (4.42)

(4.41) is the iterative equation for SE analysis, and (4.42) is the generalized iterative
equation for the least-squares problem. Obviously, they are structurally consistent. Therefore,

the method proposed in Section 4.4.2 and Section 4.4.3 can be utilized in SE analysis.
Then the lower constrained equations in (4.38) can be specified as:

l<x, =[U,,M,5K,T <u (4.43)

Specifically, only the DC voltage is considered to be limited in droop control. Thus, the

bound-constraints can be loosened:
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I < X, = [U.,.]l<u (4.44)

For different operating stages in droop control, the lower and upper boundaries of Figure

4.7 are listed in Table 4.3.

Subsequently, the SE formulation for the droop control of VSCs can be given as (4.45).
It is noticeable that, for each operating stage, not only the measurement function h(x) but
also the boundary constraints V. € [l, u] are formulated for SE analysis. Afterwards, (4.45)
can be solved by utilizing the LM method in order to improve the convergence and reduce

accumulated errors.

min  J(X) =[z=h(X)]"W[z-h(x)] . . high
. Ny (X) =P — K, (U, —U ;M
{S.t. U;‘éhlgh SUdc SU(T:aX d P( ) d d ( d d )
min  J(x) =[z—h(x)]"W[z—h(x)] .
* low high ! hdroop (X) = Pdc (445)
st. Uy sU, <Ug

h

{min IO =[2=hOTWIZ=hOT | ey ey

st. U <uU, <uU

There are two major advantages of the proposed method: 1) Once the operating stage is
presupposed, the estimation of DC voltage will definitely lie in the corresponding DC
voltage range. Thus, the operators only need to check the calculated DC power. If PS%
violates the limitation of P;., then a new SE calculation for another operating stage of the

droop control is required. 2) The calculation is promised to converge within limited iterations.

445 Flow chart

Based on the previous studies, a complete improved WLS algorithm with a constrained
LM method to include the droop control of a VSC in SE can be given. The flow chart is

depicted in Figure 4.10.
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Table 4.3. The upper and lower boundary values in two-stage droop control.

Boundaries Stage 1 Dead band Stage 3
u Ugéax U;’Chlgh U‘;,Clow
*high *1 i
| Udc ig Udcow U;’é‘"
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Figure 4.10. Flow chart of the improved method based on SM (a) the overall flow chart.
(b) the detailed BCNLS flow chart.
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4.5 Case study

In this section, the proposed approach is tested on the modified RTS-96 system, the
structure of which is as same as the test system in Figure 2.5(b). By setting a detailed droop
control, together with different measurements, the accuracy and feasibility of the proposed

method is verified.

45.1 Droop control settings

First, the preset operating points and the relevant parameters are given in Figure 4.11,

Figure 4.12, and Table 4.4.

Three scenarios of measurements are also given for testing. The simulated measurements,

together with the true values of DC voltage are listed from Table 4.5 to Table 4.7.

 Scenario 1: VSC 5 and VSC 6 are operating in Stage 1. All measurements of DC

voltage are in accordance with the true values, in the same range. No bad data exists.

 Scenario 2: VSC 5 and VSC 6 are operating in Stage 2. All measurements of DC

voltage are in accordance with the true values, in the same range. No bad data exists.

» Scenario 3: VSC 5 is operating in the dead band and VVSC 6 is operating in Stage 1.
However, the operating points are really close to the endpoints of the piecewise functions.

That is to say, the measurements and true values lie in different operating stages.

45.2 Simulation results and discussions

In this subsection, test results are given by using the proposed method. To demonstrate
the efficiency, results are also compared with the estimations of an intuitive piecewise

method.
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Figure 4.11. Preset operating points for VSC 1-VSC 3.

139



\‘Udc “Udc
K, =23.81 Ug™ =12

*

Juyte =1.017

U, =1.000 | -| Uz =0.883
|
: Ndcvz = 2000
| r—————-—-—
| um—0.7
P; =1.2660 | P
VSC 4 VSC 5
u
A Y AU,
UE’C“‘Q“ =1.019 U, =1.011 \r\
U™ =0.881 !
T Ke,m222 :
U =07 :
P P =0.5135 P
VSC 6 VSC 7

Figure 4.12. Preset operating points for VSC 4-VSC 7.
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Table 4.4. Preset operating points for the VSCs in the modified RTS-96 system.

Type VSC1 | VSC2 | VSC3 | VSC4 | VSC5 | VSC6 | VSC7
15.63 12.50

Kacaz) 20.00 30.30 20.00 23.81 33.33
20.00 22.22

P, 05903 | 0.7701 | -1.3770 | 1.2660 | -0.6024 | -1.2044 | 0.5135
(hiohl 1.0170 1.0190

irattowd | 1.0000 | 0.9970 | 1.0100 | 1.0000 1.0110
¢ 0.8830 0.8810
. 1.2000 1.2000

U(max,mm) . . . . L

dc 0.7000 0.7000
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Table 4.5. Measurements and true values of DC voltage in scenario 1.

Type VSC1 VSC2 VSC3 VSC4 VSC5 VSC6 VSC7
Meas. 0.9998 0.9968 1.0105 1.0735 1.0906 1.0923 1.0844
True 1.0000 0.9972 1.0107 1.07406 1.0914 1.0922 1.0841
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Table 4.6. Measurements and true values of DC voltage in scenario 2.

Type VSC1 VSC2 VSC3 VSC4 VSC5 VSC6 VSC7
Meas. 1.0002 0.9965 1.0104 0.8239 0.8433 0.8441 0.8371
True 1.0000 0.9972 1.0107 0.8234 0.8438 0.8451 0.8362
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Table 4.7. Measurements and true values of DC voltage in scenario 3.

Type VSC1 VSC2 VSC3 VSC4 VSC5 VSC6 VSC7
Meas. 0.9999 0.9972 1.0995 0.9987 1.0172 1.0189 1.0102
True 1.0000 0.9972 1.0107 0.9993 1.0168 1.0192 1.0100
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To begin with, the estimations of the VSC grids for scenario 1 and scenario 2 are listed
in Table 4.8 and Table 4.9. The results also include the comparison with measurements and

true values.

It is noticeable that, under normal circumstances, the proposed method can estimate the
droop control of VSCs with good accuracy. Furthermore, the results of scenario 3 are also
given and compared in Table 4.10. Key comparisons of VSC 5 and VSC 6 are highlighted.
When the measurements are close to the endpoints, the estimations with the intuitive
piecewise method (highlighted in green) fail to reflect the explicit operating stage.
Nevertheless, the proposed method can still give accurate estimations by considering the
operating constraints in different stages. Consequently, reasonable estimations can be

achieved.

4.6 Chapter Summary

In this chapter, an improved SE algorithm is proposed to model and estimate a VSC-
MTDC system with droop control. First, the quasi-steady-state operating behavior of droop
control is modeled as a piecewise function in the SE formulation. Then, compared with the
simple and intuitive piecewise method which may cause unexpected failures in SE analysis,
the boundary values of the DC voltage are also considered as the bound-constraints to
enforce the WLS algorithm. To solve the BCNLS problem, this chapter utilizes the LM
method in the iterations to guarantee convergence. Test results indicate that the proposed

method has good accuracy in all scenarios.
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Table 4.8. Comparisons of key estimations in scenario 1.

VSC No. Value Type Vae (p.u.) P, (p.u.) K.
True 1.0000 0.5903 20.00

VSC1 Measurements 0.9998 0.5911
Estimations 0.9999 0.5904 20.02
True 0.9972 0.7700 30.30

VSC 2 Measurements 0.9968 0.7708
Estimations 0.9971 0.7702 30.34
True 10107 -1.3769 20.00

VSC 3 Measurements 1.0105 -1.3762
Estimations 1.0103 -1.3766 19.95
True 1.07406 1.2778 23.81

VSC 4 Measurements 1.0735 1.2761
Estimations 1.0734 1.2776 23.82
True 1.0914 -0.6147 15.63

VSC 5 Measurements 1.0906 -0.6162
Estimations 1.0902 -0.6150 15.58
True 1.0922 -1.2183 12.50

VSC 6 Measurements 1.0923 -1.2195
Estimations 1.0921 -1.2185 12.51
True 1.0841 0.5298 33.33

VSC 7 Measurements 1.0844 0.5271
Estimations 1.0842 0.5299 33.36
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Table 4.9. Comparisons of key estimations in scenario 2.

VSC No. Value Type Vi (p.u.) P, (p.u.) Ky,
True 1.0000 0.5903 20.00

VSC1 Measurements 1.0002 0.5921
Estimations 1.0001 0.5911 19.89
True 0.9972 0.7700 30.30

VSC 2 Measurements 0.9965 0.7722
Estimations 0.9975 0.7707 30.35
True 1.0107 -1.3769 20.00

VSC 3 Measurements 1.0104 -1.3775
Estimations 1.0109 -1.3768 20.03
True 0.8234 1.2238 23.81

VSC4 Measurements 0.8239 1.2249
Estimations 0.8235 1.2241 23.84
True 0.8438 -0.5597 20.00

VSC 5 Measurements 0.8433 -0.5571
Estimations 0.8439 -0.5593 20.03
True 0.8451 -1.1561 22.22

VSC 6 Measurements 0.8441 -1.1537
Estimations 0.8448 -1.1556 22.19
True 0.8362 0.4551 33.33

VSC7 Measurements 0.8371 0.4559
Estimations 0.8365 0.4554 33.30
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Table 4.10. Comparisons of key estimations in scenario 3.

VSC No. Value Type Vi (p.u.) P, (p.u.) Ky,
True 1.0000 0.5903 20.00
VSC 1 Measurements 0.9999 0.5912
Proposed Method 0.9999 0.5906 19.97
Intuitive Method 1.0000 0.5907 19.96
True 0.9972 0.7700 30.30
VSC 2 Measurements 0.9972 0.7692
Proposed Method 0.9972 0.7699 30.35
Intuitive Method 0.9971 0.7693 30.11 |
True 1.0107 -1.3769 20.00 \
VSC 3 Measurements 1.0995 -1.3782
Proposed Method 1.0105 -1.3773 19.92
Intuitive Method 1.0103 -1.3776 19.93
True 0.9993 1.2660 23.81
VSC 4 Measurements 0.9987 1.2679
Proposed Method 0.9995 1.2664 23.89
Intuitive Method 0.9996 1.2652 23.57
True 1.0168 -0.5834
VSC5 Measurements 1.0172 -0.5857
Proposed Method 1.0169 -0.5841
Intuitive Method 1.0175 -0.5852 15.74
True 1.0192 -1.2234 12.50
VSC 6 Measurements 1.0189 -1.2247
Proposed Method 1.0191 -1.2236 12.46
Intuitive Method 1.0187 -1.2233
True 1.0100 0.5135 33.33
VSC 7 Measurements 1.0102 0.5142
Proposed Method 1.0101 0.5137 33.25
Intuitive Method 1.0105 0.5139 33.16
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Chapter 5 Enforced Equality-Constrained SE Algorithm to

Include Operating Limits of VSC with Bad Data Identification

Another important dynamic feature of the operating limits in VSCs should also be
carefully considered in the quasi-steady-state SE analysis. This chapter presents an enhanced
equality-constrained SE algorithm to reflect accurate operating states of VSCs. The proposed
method is implemented within the inner calculation loops discussed in Chapter 2. There are
three steps to implement the operating limits. In the first step, the operating limits of each
VSC are predetermined by calculating the safe operating range (PQ capability). In the second
step, the inner estimated results are compared with the limits. Once the specific limits are
violated, an adjusted control strategy is involved to replace the previous one. In the third
step, the new operating points are formed as equality constraints which are solved with the
Lagrangian relaxation method to ensure the accuracy and reasonability of the estimations.
Furthermore, to eliminate the impact of gross errors, the HAM method is utilized to
cooperate with the operating limits. The calculated Lagrangian multipliers can thusly
participate in BDI. Simulation tests are performed on the modified IEEE 5-bus system and
RTS-96 system with different operating states. The results demonstrate the effectiveness of

the proposed method.

5.1 Introduction

With modern power systems operations’ growing need for larger capacity, longer
transmission distance, and higher reliability, HVDC projects have drawn great attention

worldwide [123]-[124]. In addition to the outstanding features mentioned above, one of the
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advantages of VSC technology over the traditional LCC technology is the ability to connect
multiple asynchronous AC grids to compose a larger system with multi-terminal links. Thus,
various renewable energy sources can be integrated in one system. A number of VSC-MTDC

systems have been established or planned in recent years [125]-[126].

Some related research issues come together with technical advantages. One issue is SE,
which is one of the most important functions in EMSs. The extra complexities in modeling
the topology and steady-state operations of VSC-MTDC systems bring great challenges to
SE. In order to monitor hybrid systems, some SE methods have been proposed [127]-[129].
However, the important features of fast regulation and strict operating limits in VSCS have
not been fully studied. Compared with generators and motors, which are hard to control
accurately over a short time period due to large rotational inertia, VSCs can self-adjust their
operating status quickly by PWM control. Therefore, under normal conditions, the operating
points of VSC will not exceed the strict operating range. Hence, SE should monitor the
violations and provide estimations to reflect accurate operating values. [45] implemented a
bad data analysis in the SE algorithm for VSC-MTDC power systems, but it can only detect
significantly wrong data. Violations can still occur even when all the measurements are
considered to be accepted. [130] modeled different control strategies in the SE analysis to
enhance the accuracy; however, switching between different strategies was not included in
the SE calculation. [131] utilized virtual measurements which have higher weights to
represent the real operating values of VSCs to develop a new SE method, which contains the
operating limits, for VSC-MTDC system. The operating limits, which include restrictions
on power, voltage and current, are analyzed and drawn based on an SE model. Then, a limit

check process is implemented inside the sequential iteration. Once the limits are violated,
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the related parameter will be set as the boundary value and be updated as a high-weighted
pseudo-measurement for the following calculation. Thus, the results of SE can guarantee
accuracy without being affected by measurement errors. However, the large values of
weights of the added pseudo-measurements may lead to the existence of extremely large
elements in the weight matrix (W). That is to say, the use of very high weights for modeling
very accurate pseudo-measurements can lead to ill-conditioning of the G matrix.
Furthermore, due to global optimization features of the WLS algorithm, the residual of the
estimations cannot be completely be zero. Even the very accurate pseudo-measurements can
still be affected by other measurements. To accurately reflect the dynamic features of fast
adjustment and self-regulation, [132] modeled the operating limits as equality constraints to
enhance the SE algorithm. The equality-constrained problem can be subsequently solved
using Lagrangian relaxation associated with the WLS algorithm. However, bad data with
gross errors may lead to biased estimations that can significantly affect the reliability of the

equality-constrained method [133].

To improve estimation accuracy and reflect the dynamic features in quasi-steady-state
SE, an improved method is proposed in this chapter. There are four main contributions of
this method. First, the VSC-MTDC system is modeled in detail for analyzing the operating
limits. Second, the adjustments on the corresponding violations are illustrated and the
procedure of violations check is added to improve the SM. Third, once violations are
detected, the corresponding equality constraints will be added to the WLS equations and
solved with Lagrangian relaxation. Finally, equality constraints can also participate in the

BDI with the HAM method.
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The rest of this chapter is structured as follows: Section 5.2 analyzes the quasi-steady-
state operating limits of VSCs and the processes of self-regulation to establish new control
strategies. Section 5.3 proposes the equality-constrained algorithms to include operating
limits in SE analysis and BDI. Section 5.4 conducts the case studies and Section 5.5

concludes the chapter.

5.2 Operating limits of VSC

5.2.1 Dynamic control feature of VSC

Compared with other AC components that have high inertia [134], [135] or a long
response time [136], [137], a VSC can be controlled and regulated on a very short time-scale
[138]. Generally, in case of a disturbance, internal current control can be finished within
0.05 seconds and the terminal voltage control can proceed within 0.5 seconds.
Correspondingly, the output power of VSCs can also be adjusted within 1.0 second [138].
That is to say, compared with the typical SCADA sampling rate of 5.0 to 10.0 seconds, the
time scale of a VSC is much shorter [139]. In addition, given that SE analysis is done every
few minutes, the measured system should be assumed to be steady-state. It is obvious that a

VSC cannot be simply formulated as a steady-state model regardless of its dynamic features.

One example to show the importance of the dynamic control ability of VSCs is their
application in restoring after a blackout, the most severe type of outage that may occur in an
electric grid. With the development of HVDC technologies, the possibility of performing a
BS with HVDC has been widely discussed. Installed to interconnect asynchronous AC
systems, HVDC can function as a firewall during a blackout to prevent further propagation

of outage [140], [141]. Hence, the BS power can be transferred from a remote healthy grid
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to the blackout grid, without risking the reverse expansion of outage. The first commercial
HVDC system, linking the Gotland island with the Swedish mainland with LCCs, has the
BS ability already by delivering power from the mainland to Gotland which has very few
generating units [142]. Nevertheless, synchronous condensers are necessary for starting up
the LCC, making the restoration too complex to be executed. In recent years, the introduction
of VSC technologies has successfully addressed the deficiencies of LCCs. Hence, a VSC
can be started up and self-commutated without synchronous condensers. Furthermore, the
independent controllability of VSCs on both active and reactive power make VSCs suitable
to support weak or passive AC grids in the process of BS [143], [144]. Field testing of VSC-
based BS has been performed on the Estlink network (between Estonia and Finland) [145]
and the Skagerrak-4 network (between Denmark and Norway) [146]. The testing results are
satisfying with faster restoration speed and higher system stability compared with the
traditional approaches. With the growing penetration of renewable energy, more VSC
projects are being put into use to complement AC grids. In view of this, researchers and
utilities have assessed VSCs as a promising option in their plans for performing BS [147],

[148].

A test case of BS with the help of VSCs is given to show the dynamic control ability.
The test system is a typical four-terminal VSC-MTDC in which four independent AC grids
are connected via DC links. As shown in Figure 5.1, Grids 1-3 cooperate to provide BS
power. The outage in Grid 4 will be restored by transferring required power. Three healthy
grids are planned to provide 150 MW pick up generators and critical load at the beginning
of BS. Meanwhile, the reactive power of 60MVAr is generated by VSC 4 to pick up critical

load and energize high-voltage lines and transformers at the same time.
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Figure 5.1. Four-terminal VSC-MTDC system for BS test.
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Suppose that the initializing BS power of 150 MW and 60 MVAr is utilized to energize
the transformer T4 (which is closest to the converter) and pick up load L4 simultaneously.
In the simulation settings, assume that BS starts at 1.5 s which refers to the critical moment

t=0. The key dynamic performances of the receiving end are illustrated by Figure 5.2.

In the first plot in Figure 5.2, a transient is excited on the DC voltage because of the
sudden increase of injected power, but the DC voltage is quickly controlled close to 100 kV
with a small oscillation. In addition, since VSC 4 is set to operate in ‘islanded mode’, the
frequency and voltage magnitude of Grid 4 are quickly controlled to the reference values
after small transients, as shown in plots 2 and 3. Furthermore, both active power and reactive
power experience the overshoots shortly after the beginning of BS, and then are adapted to

setpoints soon afterwards, as shown in the 4th plot in Figure 5.2.

It can be observed that the blackout grid can be picked up quickly with the help of a VSC
link. The frequency and voltage magnitude in the AC grid are also stabilized, benefiting

from the ‘islanded mode’.

5.2.2 Operating limits of VSC

In practice, a VSC operates with two main limits, the converter voltage limit, and the
converter current limit. In general, the two limits can be critically set by adjusting power
injections. First, to express the converter voltage U,; in terms of injected power Pg; and Qg;,
the converter current can be given as:

Isi = (Usi -Uci)/(Rsi + jxsi) (51)

Then, rewrite (5.1) as:
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Figure 5.2. Dynamic performance with 150MW/60MVAr at the beginning of BS.
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U, :Usi - Isi(Rsi + jxsi) (52)

Cl

Then, substitute U,; to represent I; as:

P. —-U2.sing, .
| = s si i i1/ (R. X . 5.3
si [US| YiUsiSin(é]—ai)] ( SI+J 5|) ( )

where we have a; = tan™*(Rg;/Xg;) and ¥; = 1/ |R% + XZ%. Thus, U,; can be written in
terms of Uy;:
U, = (P, —U2Y,sing) /[U,Y,sin(5, - ;)] (5.4)
Thus, the relationship between Uy; and the injected power is expressed as:

U52| — Qsi Sin(é‘i _-ai)_ Psi COS(é‘i _ai) (55)
Y, sin(o;, — 2«;)

It should be noted that in (5.5), V; can be completely described only by Pg; and Qq;.
Thus, it can be formulated with an abstract function, Uy; = f(Ps;, Q). Consequently,
substitute Uy; = f(Ps;, Qi) in (5.4), U,; is expressed as:

_Ri- fZ(Qsi' P,)Yising,
T Y £(Qy, Py)sin(s, — )

(5.6)

Therefore, the converter voltage can be controlled by adjusting the power injections.
Furthermore, since the power injections are also restricted by the PWM factor, the

boundaries of converter voltage can be preset. In general, the upper and lower limits, UJ}**

and U™, are preset at the operating point to avoid overmodulation. Similarly, the limit of

converter current can also be deduced from the power injections as:
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lg =S4 /Uqg=(P;+iQu)/ (P, Qq) (5.7)

It should be noted that since the converter current is limited within the fixed value, the
operating range of I; forms a cycle. The corresponding output power can be correspondingly
calculated. In addition, the output power is also limited by the lower and upper boundaries
of converter voltage. Finally, the safe operating range, a.k.a., the PQ capability of VSC can

be determined as shown in Figure 5.3.

5.2.3 Self-regulation for new control strategies

To illustrate the limits and how the adjustment works, the modified IEEE 5-bus system
in Figure 2.5(a) is utilized to show the simulation results on two different scenarios. The
preset power injections via VSC 1 are set at -60 MW/-50 MW and -130 MW/-60 MW,
respectively. Meanwhile, the limits of voltage are set at 0.9 and 1.1 p.u., and the maximum
current is 1.2 p.u. Under these conditions, only VSC 1 violates the limits in two scenarios.

Hence, the violations and self-regulations of VSC 1 are depicted in Figure 5.4.

As shown in Figure 5.4, the operating range of the VSC is restricted inside the shadow
area, which is determined by two limits. Given the parameters in advance, we can
predetermine the limits. Hence, no matter what the preset power injections are, the converter
can self-adjust to ensure the outputs fall inside or on the boundaries. As depicted in Figure
5.4(b) and Figure 5.4(d), no actions are needed if the preset values do not violate the limits.

However, for VSC 1, specific adjustments are required depending on the type of violations.

As shown in Figure 5.4(a), the converter value with power injections of -60MW/-50MW
15 0.863 p.u., violating the lower voltage limit. Thus, the converter should reduce the reactive

power injections along the y-axis until the voltage increases to 0.9 p.u. Hence, the real power
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Figure 5.3. PQ capability chart (shadow area) with the given voltage and current limits.
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Figure 5.4. Converter limits and adjustments (a) voltage violation of VSC1 in scenario 1
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scenario 2 (d) no violations of VSC2 in scenario 2.
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is changed to -36.25MW to ensure the voltage limit. In the second case, as Figure 5.4(c)
depicts, the converter voltage is 0.893 p.u. and the current magnitude achieves 1.211 p.u.,
leading to the violations of two limits. Under this circumstance, both active and reactive
power injections should be changed to the new operating values. Since controlling active
power is the primary goal in VSC-MTDC system, the change of P, should be small. Thus,
the new operating power is changed to -121.21 MW/8.96 MW. Consequently, the adjusted

converter current and voltage is 1.2 p.u. and 1.062 p.u. to ensure the safe operation.

5.3 Formulation and solution

In this section, an equality-constrained algorithm is proposed to correctly reflect the
operating limits and self-regulation in SE analysis. In addition, the equality constraints can

also help with bad data identification by using the HAM method.

5.3.1 Pseudo-measurement method

Before presenting the equality-constrained algorithm, there is another rough method to
consider operating limits. According to [8] and [129], the state estimation problem for VSC-
MTDC systems can be solved by using the SM. Only the parameters on converters need to
be updated and injected into the AC and DC grids. For example, the interface data, such as
Pl and QZ}, are solved and updated until achieving global convergence. Since all the limits
are modeled in the converter, the procedures of checking limit violation and adding pseudo-
measurements can be done in the internal sequential loop. The detailed steps are displayed

in Figure 5.5.

To illustrate, after drawing the steady operating range, the boundary values are utilized
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to compare with the estimations and calculations which are achieved from internal SE results.
If the limits are violated, the corresponding parameters will be adjusted and converted to
high-weighted pseudo-measurements for next calculating loop. Therefore, by performing
limit check, the influence of measurement errors and the calculated deviation of the WLS

algorithm can be eliminated.

The pseudo-measurement method is easy to implement in the conventional SM without
the need for complex computation. However, the large weights of the pseudo-measurements
can lead to the singularity of the Gain matrix, which may cause the divergence of the entire

SE analysis. Therefore, another equality-constrained method is proposed.

5.3.2 Equality-constrained method

Taking the operating limits into account, we need two additional steps. First, the
operating ranges of all converters are pre-calculated based on the device parameters. Then,
the SE results achieved from raw measurement data are checked by the ranges. Once the
limits are violated, the corresponding adjusted values will replace the measurements and be
formulated as equality constraints to modify WLS. Taking VSC 1 in the first scenario as an
example, the WLS can be improved as:

z=h(x)+e

{UC —umn =0 (5.8)
c(x)=0— |
Q,-Q" =0

The equality constraint c(x)=0 in (5.8) extends the original measuring equations. Based

on [2], (5.8) can be solved with a constrained WLS algorithm as:
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min  J(x) =[z—h()]'W[z - h(x)]

5.9
st. c¢(x)=0 9
The problem can be reformulated and solved with Lagrangian relaxation as:
min  L=J(x)-A"¢(x) (5.10)
H'WH CT |[[Ax] |H™WAZ"
= ] (5.11)
C 0 ||-4 —c(x)

where C = dc(x)/0dx. According to the previous discussions on the operating limits, the
adjustments of power injections, and the WLS with the equality constraint solved by
Lagrangian relaxation, an improved SE method for VSC-MTDC is proposed. The detailed

flow chart is depicted in Figure 5.6.
The calculation steps of the proposed method are given below:
Step 1: Read raw data from EMS.
Step 2-1: Classify the measurements, state variables and errors into two sets, ac and dc.
Step 2-2: Calculate the operating limits based on the preset operating points.
Step 3: Initialize state variables. Set the iteration number k=0.

Step 4: Perform SE analysis for each part separately with the WLS algorithm and get the

inner estimations.

Step 5: Compute converter voltage and converter current based on the results from Step 4.

C

Step 6: Do violations check, compare US“* and 15Y* with the operating limits calculated

in Step 2-2. If violations happen, go to Step 7, otherwise, go to Step 9.

Step 7: Adjust power injections and add equality constraints to modify the WLS algorithm

as L¥(x, 1) = J¥(x) — ATkck(x).
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Step 8: Redo SE for the converter (ac-dc) with Lagrangian relaxation.

Step 9: Check global convergence. If the convergence is achieved, go to Step 11, otherwise,

go to Step 10.
Step 10: Set k = k + 1. Update the measurements of power injections. Then go to Step 4.
Step 11: Print final SE results.

Obviously, the overall calculation structure is the same as the conventional SM. Also,
the major SE analysis is still based on the WLS algorithm except for the Lagrangian

relaxation.

5.3.3 HAM method for bad data identification

In the previous subsection, the operating limits are considered with the equality-
constrained method in SE analysis. However, another important process of identifying bad
data is not well considered. Due to the malfunction of meters and failure or delay in
communication [2], gross errors may occur in the measurements. These errors cannot be
filtered out with the conventional WLS algorithm and thusly must be called ‘bad data’. In
the presence of bad data, estimations can be greatly biased. For SE analysis of VSC-MTDC
systems, the most commonly used method to identify bad data is an LNR test. The LNR test
is performed repeatedly as a post-process after each cycle of SE computation with one

occurrence of bad data eliminated or corrected [42].

In the presence of bad data, estimation can be biased, and the violation check might fail.
A conventional LNR test cannot reflect the equality constraints as internal relationships. To

overcome this shortage, the HAM method is leveraged to take the Lagrangian multiplier that
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reflects the equality constraints into the calculation of BDI. Consequently, the impact of bad

data can be eliminated, and the operating limits can be considered at the same time.

After a cycle of estimation is done, estimated measurements can be calculated based on

the estimations as:
7=HAX=HG'H"Rz (5.12)
Residual vector r can also be computed as:
r=z-2=z-h(x) (5.13)

Using (5.12) to substitute 2, (5.13) can be expressed as:

r=(1-HG'H'R")e=Se (5.14)
where matrix S is also called the residual sensitivity matrix representing the sensitivity of

residuals to errors. Subsequently, the residual covariance matrix can be formed as:

Q=E(rr’)=SR (5.15)

Consequently, the normalized residuals are computed as:

A TAINCREIAINCT (5.16)

Normally, a positive threshold Th can be set up to compare with the result in (5.16) for
BDI. If the LNR value exceeds the threshold (typical 3.0), the corresponding measurement
is considered to be bad data with a gross error. This measurement should be eliminated or
corrected to avoid biased estimations. In general, to retain measurement redundancy, it is
better to correct the identified bad data than to eliminate it. The correction function is formed

as in [149]:
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It should be noted that the LNR test is generally considered to be independent from the
main SE computation as a post-processing test. To consider both the equality constraints and
the LNR test in SE analysis, the HAM method can be utilized, and the new SE problem is
formulated as:

min  J(x)=[z-=h(X)]' R™*[z—h(X)]

st.  ¢(x)=0 (5.18)
r-z+h(x)=0

In (5.18), there are two equality constraints with different meanings. c(x) = 0 stands for
the preset or self-regulated operating values that are the same as given in (5.9). The second
equation is associated with residuals with explicit state variables. (5.18) can be transferred

to the formulation with Lagrangian relaxation as:

L=J(X)—A"c(X)— ' (r—z+h(x)) (5.19)

(5.19) can be iteratively solved with the following equations:

COX) A +HEX) 1 =0
r* = Ry (5.20)
Ru* +H (x*)AX* =z —h(x")

where R = W1, (5.20) can be formed in the HAM as:

R H (x*) 0 1 AZ
H(x*)" 0 CHx)"||ax“|=| o0 (5.21)
0 C(x") 0 A¥ —c(x*)

Consider the results in (5.21), the residual vector is given as:
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r=Ru=R(
g H)T

) (5.22)

It is observed that the new residual vector is directly bounded with the equality

constraints. The normalized residual value for each AC grid is given as:

N
| L |=|

COL\ yo 5 5.23
0T NS (5.23)

The new residual reflects not only the conventional LNR value but also the equality

constraints from the operating limits. Bad data can be eliminated or corrected without

affecting the violation check.

5.4 Simulation study

5.4.1 Test systems and settings

Two VSC-MTDC systems, including the modified IEEE 5-bus system (C1) and
modified IEEE RTS-96 system (C2) are tested to illustrate the accuracy and efficiency of
the proposed method. The SE data are simulated using the power flow results (true values)
solved in MATLAB. Then, the corresponding measurement errors are modeled as Gaussian

noise. The deviations are g,. = 0.04 and g,._4. = 0.03.

Furthermore, to simulate the violations, the new presetting operating points of both
systems are given in Table 5.1. It should be noted that, with these preset points, the violations
occur in both systems. In C1, the converter voltage of VSC 1 violates the lower limit
boundary and the reactive power is adjusted to meet the requirement. In C2, both the voltage
and current of VSC 3 are violated, leading to the adjustments of active and reactive power

injections.
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Table 5.1. Presetting operating points of VSCs in two test systems.

Case and VSC No. P, (MW) Qs (MVAr)

VSC 1 -130 -5

C1 VSC 2 0 0
VSC 3 35 5
VSC 1 0 50
VSC 2 75.3 -50
VSC 3 -241.9 40

C2 VSC 4 131.5 75.9
VSC 5 -61.7 0
VSC 6 -123.4 -10
VSC 7 50 20
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5.4.2 Results and discussions

Under the previous settings, the SE results of the proposed method (PM) are compared
with the true values (TV) and the estimations of the conventional method (CO), in Table 5.2.

To better illustrate the efficiency, test results are depicted in Figure 5.7 and Figure 5.8.

It is noted that in Figure 5.8, the preset operating powers for VSC 1 and VSC 2 of -
130.00 MW/-5.00 MV Ar and -241.90 MW/40.00 MV Ar violate the corresponding operating
limits. The reactive power of VSC 1 is correspondingly changed to 8.960 MVAr. Similarly,
for VSC 3 in C2, the output power is changed to -231.81 MW and 4.990 MVAr. Therefore,
the equality constraints are set at the corresponding new active power values. As shown in
Figure 5.7, Figure 5.8 and Table 5.2, the proposed method can reflect the accurate operating

status of VSCs even when the preset values violate the operating limits.

5.5 Chapter Summary

In this chapter, an improved state estimation method is proposed for the VSC-MTDC
system with the consideration of operating limits. The output power of VSCs is strictly
limited by converter current and voltage, and the PQ capability can be determined to check
violations. The conventional SM is modified so that the SE method can check the violations
within the inner calculation loops and give an accurate estimation by using an equality-
constraints method. First, a violation check procedure is implemented to monitor the
estimations calculated from each loop. Then, once the violations occur, the corresponding
equality constraints are added into the measuring equations, and subsequently solved by
utilizing Lagrangian relaxation. In addition, the HAM method is leveraged to take the

Lagrangian multipliers into the consideration of the LNR test for BDI. Thus, the improved

171



. __ (a)VSClin IEEE-5 _______(b)VSC3in RTS-96

—— Circle current limit

~

— Upper voltage limit| |
L&r\voltage limit|

——p~——Circle current limit I

—— Upper voltage limit

Lowerpltage limit|

Qs(pw)
| Qglpw)

| 1 * Measurement * Measurement
o Preset point —"1 O Preset point
A Real point A Real point
_15 1 1 1 T 1 1 1 1 1 1
-1.5 -1 -0.5 0 0.5 1 1.5 -2. - -1. - -0. 0 0.5 1 15 2 25
Rs(p.u.) Rs(p.u.)

Figure 5.7. Limits violation and real operation for (a) VSCL1 in IEEE-5. (b) VSC 3 in RTS-
96.
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Figure 5.8. Comparison of SE results on injected power (a) VSC1 in IEEE-5. (b) VSC3 in
RTS-96.
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Table 5.2. Accuracy comparison of SE when limits are violated.

Q
Case SE Udc (p.u.) M o0 (degree) | Ps(MW) )
(MVA)
PM 1.0205 0.6779 18.193 -121.21 8.953
C1l
CONV 1.008 0.6437 17.717 -123.46 9.753
VSC1
REAL 1.019 0.6785 18.286 -121.21 8.960
PM 1.0237 0.6657 15.423 -231.81 4,924
C2
CONV 1.011 0.6323 15.766 -233.92 5.76
VSC3
REAL 1.025 0.6662 15.39 -231.81 4.990
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method obtains accurate operating values, which are the same as the boundary limits. Test

results verify the accuracy and efficiency of the proposed method.
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Chapter 6 Conclusions and Future Works

State estimation (SE) plays a very important role in monitoring the real-time operating
status of power systems. Research on SE analysis for VSC-MTDC systems is insufficient
and some of the key features have been ignored in conventional estimators. In this
dissertation, Chapter 1 briefly introduces the development of VSC-MTDC systems and SE

approaches.

Chapter 2 generalizes and classifies the conventional estimators for VSC-MTDC
systems into the UM and the SM (SM-WLS and SM-FDSE). These methods are tested and
compared across three aspects that should be carefully considered when implementing the
methods for practical use, including estimation accuracy, computing speed and robustness.
Various and diverse systems are leveraged for testing under different measuring situations
to provide sufficient results. Comprehensive comparisons are expected to help operators and
utilities to choose the better and more reasonable SE method to monitor VSC-MTDC
systems based on specific features. Besides, this work can also facilitate the development of

SE approaches to overcome existing problems

Chapter 3 further improves the computing performance of the UM by implementing
graph computing techniques and a virtual connection method. First, graph computing
techniques are applied for faster computing speed. The hybrid systems are modeled as a
graph with vertexes and edges, and then stored in the graph database. Afterwards, advanced
parallel computing methods of NPC and HPC are implemented in the SM. The calculation
processes of generating admittance matrices, LU factorization and forward-backward

substitution can be significantly accelerated. Second, the interface links and DC networks
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are equivalently modeled as virtual connections integrated into the AC grids. The structure
integrity can be enhanced, and the interface data can be directly estimated from both sides.
Consequently, better accuracy and faster convergence speed is achieved with the proposed

method.

Chapter 4 proposes an improved SE algorithm to model and estimate VSC-MTDC
systems with droop control. First, the quasi-steady-state operating behavior of droop control
is modeled as a piecewise function in the SE formulation. Then, compared with the simple
and intuitive piecewise method which may cause unexpected failures in SE analysis, the
boundary values of the DC voltage are also considered as the bound-constraints to enforce
the WLS algorithm. To solve the BCNLS problem, this chapter utilizes the LM method to

avoid divergence.

Chapter 5 takes the dynamic features of fast adjustments and self-regulation in VSCs
into the consideration of SE analysis. The operating limits are predetermined and utilized
for a violation check. Once the limits are violated, the self-regulated power output is modeled
as equality constraints to repeat the preset operating values. The modified measuring
equations can be solved with the Lagrangian relaxation method, and the Lagrangian
multipliers can be further used with the HAM method for bad data identification.
Consequently, the improved method reflects the real operating status of the VSC-MTDC

systems and obtains accurate estimations, which are the same as the boundary limits.

Future works will focus on robust SE analysis for VSC-MTDC systems and continue to
develop high-efficiency bad data identification algorithms to meet the requirements of real-

time monitoring.
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