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RESUME

Les systemes de distribution CA/CC ont recemment recu plus d'attention car ils sont capables de
fonctionner a la fois en mode connecté au réseau et en mode isolé. Comparés aux systemes de
distribution CA conventionnels, ils offrent une intégration plus pratique des composants a base de
CC tels que les sources d'énergie renouvelables, les systemes de stockage et les véhicules
électriques. Plusieurs travaux de recherche ont porté sur I'analyse d’écoulement de puissance des
systemes d'alimentation CA/CC a différents niveaux de tension. Cette analyse comprend I'analyse
d’écoulement de puissance CA/CC pour les systémes a courant continu haute tension (CCHT),
moyenne et basse tension des réseaux de distribution CA/CC et microréseaux dans les deux modes

de fonctionnement connectés au reseau et en Tloté.

L'objectif de ce projet de recherche est d'examiner en détail les méthodes d’écoulement de
puissance CA/CC en fonction de leurs approches de modélisation de systeme et de leurs procédures
de solution. De plus, cette these valide deux méthodes d’écoulement de puissance récemment
proposées pour les systémes de distribution CA/CC avec différentes approches de modélisation et
manieres de solution en utilisant un logiciel de simulation de domaine temporel (EMTP). Suivi de
la validation, les méthodes d’écoulement de puissance CA/CC sont comparees entre elles en termes
de performances. Enfin, deux techniques d'amélioration sont proposées et appliquées a ces

méthodes d’écoulement de puissance pour améliorer leurs performances.
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ABSTRACT

AC/DC distribution systems have recently received more attention as they are able to operate in
both grid-connected and isolated modes. Compared to conventional AC distribution systems, they
offer more convenient integration of DC-based components such as renewable energy sources,
storage systems, and electric vehicles. Several research works have been dealt with load-flow
analysis of AC/DC power systems at different voltage levels. This includes AC/DC load-flow
analysis for high voltage direct current (HVDC) systems, medium and low voltage AC/DC

distribution systems and microgrids in both grid-connected and islanded modes of operation.

The objective of this research project is to comprehensively review AC/DC load-flow methods
based on their system modeling approaches and solution procedures. Moreover, this thesis
validates two recently proposed load-flow methods for AC/DC distribution systems with different
modeling approaches and solution manners utilizing a time-domain simulation software (i.e.
EMTP). Followed by the validation, the AC/DC load-flow methods are compared to each other in
terms of their performances. Finally, two improvement techniques are proposed and applied into

those AC/DC load-flow methods to enhance their performances.
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CHAPTER 1 INTRODUCTION

1.1 Context

Due to a considerable growth in utilizing DC-based distributed generators (e.g. PV) [1] and energy
storage systems (e.g. batteries) [2] in recent years, and also high demand of DC power to supply
DC loads (e.g. electric vehicles) in near future [3], conventional AC power systems must change
to AC/DC systems which includes both AC and DC buses and lines, and also AC/DC converters
working as the interface between AC and DC parts [4]. Therefore, various AC/DC distribution

systems have been recently proposed in the literatures [5].

AC/DC distribution systems reduce the overall number of power conversion stages (resulting in
loss reduction) [6, 7] and facilitate the integration of renewable energy sources and storage systems
[4]. They consist of AC and DC distributed generators (DGs) and energy storage systems which
can supply the local loads, and interlinking AC/DC converters that can control the power flows
between AC and DC subgrids [8]. Hence, in case a fault occurs in the utility grid or in remote areas
where there is no connection between the AC/DC distribution systems and the main grid, they can

operate autonomously (i.e. islanded mode).

However, the presence of power electronic devices in different components of AC/DC distribution
systems such as DC-based DGs, power converters, storage systems, and DC loads, results in more
complicated planning, operation, and time-domain initialization of such systems which need to be

addressed by precise analyses.

Load-flow analysis is the most significant and essential approach to deal with the complexities in
power system planning and operation [9]. In addition to the establishment of operating conditions,
the load-flow solution allows initializing time-domain simulations [10]. Hence, an accurate load-
flow computation method is necessary for the planning, operation, and time-domain simulation of
various types of power systems. An accurate load-flow analysis can be obtained by precise
modeling of the system. For AC/DC distribution systems, this model must include the AC and DC
subgrids of the system as well as the converter models along with their control schemes. Moreover,
the load-flow solution for such systems must be capable of performance under islanded mode of

operation in which the frequency is not constant and it is one of the load-flow problem variables.



Several load-flow methods have been proposed for AC/DC distribution systems in both grid-
connected and islanded modes of operation. In this research project, these load-flow methods are
reviewed based on their system modeling approach and solution procedure. Moreover, two recent
load-flow methods for AC/DC distribution systems are validated using a time-domain simulation
software (i.e. EMTP) and then compared to each other with respect to efficiency of the solution
algorithm. Finally, two techniques are proposed to improve the efficiency of these AC/DC load-

flow algorithms.

1.2 Research Objectives

The objectives of this research project are as follows:

e Comprehensive review of published load-flow solution methods for AC/DC power

systems.

e Validating selected AC/DC load-flow methods proposed in the literature using a time-

domain simulation software and comparison of those methods in terms of efficiency.

e Improving of efficiency of selected load-flow algorithms for AC/DC distribution systems.

1.3 Thesis Outline

This thesis is organized as follows:

In Chapter 2, previous research on published load-flow methods for AC/DC distribution power

systems are presented.

In Chapter 3, a comprehensive review on load-flow methods for grid-connected and islanded

AC/DC distribution systems is presented. This includes different solution methods and models.

In Chapter 4, two recently proposed AC/DC load-flow methods based on decoupled and unified
approaches are validated by comparing their results with a time-domain simulation tool (i.e.
EMTP). Furthermore, their performances are compared to each other and two improvement

techniques are introduced to increase their efficiencies.

Finally, Chapter 5 summarizes the work presented in this thesis and suggests directions for future

research work.



CHAPTER 2 LITERATURE REVIEW

In this chapter, previous research on load-flow analysis of AC/DC power systems are presented.
Section 2.1 represents a brief description of different AC/DC power systems and their components.
Section 2.2 reviews the AC/DC load-flow methods proposed in the literature for different types of

AC/DC power systems.

2.1 AC/DC Power Systems

AC technology was introduced as the standard for power generation, transmission and distribution
due to the convenient transformation of the voltage level via AC transformers. These transformers
could easily step up the generated medium voltage to high voltage to be used in transmission lines
and step down the high voltage to medium and low voltage to be used in distribution systems.

At transmission level, there are several limitations for high voltage AC technology such as
transmission capacity, distance restriction, and direct connection of two networks with different
frequencies [11]. To address these limitations, high-voltage direct current (HVDC) power systems

have been introduced.

At distribution level, the gradual conversion in load types from AC to DC, and the appearance of
renewable energy-based DGs necessitate numerous power conversion in AC systems which results
in lower efficiency [4]. Therefore, DC distribution systems have been proposed to integrate DC-
based DGs and feed the DC loads with reduced number of power conversion [12]. However, in DC
distribution systems, AC power sources have to be inverted to DC and the conventional AC loads
require DC/AC converters [12]. Hence, hybrid AC/DC distribution systems have been proposed to
eliminate the unnecessary AC/DC and DC/AC power conversions [7]. These systems can also exist
in form of AC/DC microgrids. In general, AC/DC microgrid refers to a low- or medium-voltage
hybrid power system in which the components are grouped into an AC grid, a DC grid, and an
interlinking converter which is a power electronics interface that enables power exchange between
AC and DC grids [4, 13]. These hybrid systems are usually able to operate in both grid-connected
and islanded conditions. The structure of a medium-voltage (MV) AC/DC distribution system
which is connected to high-voltage AC and DC systems via transformers and power converters is

illustrated in Figure 2.1. In this system, both AC and DC grids consist of DG units (e.g. PV, wind



turbine, diesel generator, and fuel cell), energy storage systems (e.g. batteries), AC and DC loads,
and power converters (e.g. DC/DC and AC/DC).

AC/DC microgrids or in more generic terms, AC/DC distribution systems decrease the overall
AC/DC power conversions which results in cost and loss reduction [14, 15]. Moreover, these
systems offer a convenient and smooth integration of renewable energy sources [16, 17], energy
storage systems [2], and electric vehicles [18, 19]. However, due to the intermittent nature of
renewable energy sources [20] and highly stochastic nature of some of the loads such as electric
vehicles [21], integration issues such as complex control schemes must be addressed in various
studies such as load-flow analysis in AC/DC distribution systems [4, 22].
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2.2 Load-Flow Analysis in AC/DC Power Systems

The load-flow analysis is a numerical study to calculate the steady-state flow of electric power in
a power system. The main outputs of this study are voltage magnitudes and phase angles of all the
buses in system. Load-flow is a fundamental analysis method in power system studies, such as
planning, economical scheduling, system operating and control [9]. In addition to investigation of
power systems in their steady-state [23], load-flow analysis can provide initialization means for

time-domain simulations [10].

Since AC system has been the most commonly used technology in power systems, the majority of
research work on load-flow analysis devoted to such systems. In the load-flow study of AC power
systems, each bus has four parameters (voltage magnitude, phase angle, active power, and reactive
power) taken part in the analysis. The goal of load-flow analysis is to calculate unknown parameters
for each bus. Typically, the AC load-flow problem is formed using conventional nodal analysis
[24]. However, other formulation approaches such as modified augmented nodal analysis (MANA)
[25] or augmented rectangular [26] have been proposed. MANA formulation of the system
equations is achieved by augmenting additional devices equations to the conventional nodal
equations. It results in a generic multiphase load-flow formulation that can include arbitrary system
topologies, and can be extended to accommodate various component models and it provides a

precise initialization for a time-domain simulation tool (EMTP) [10, 25].

Traditionally, load-flow was solely performed for AC power systems. However, due to the
utilization of HVDC systems, AC/DC load-flow has been investigated since 1970s [27, 28]. The
existing AC/DC load-flow methods in the literatures have been proposed for AC/DC power
systems at different voltage levels such as HVDC transmission systems [29-33], medium-voltage
(MV) and low-voltage (LV) AC/DC distribution systems [34-36] or hybrid AC/DC microgrids in
both grid-connected and islanded modes of operation [37-41]. These methods usually utilize the
decoupled modeling approach in which the AC/DC power system is divided into three parts, AC
grid, DC grid, and interlinking converter and then each of these parts are modeled separately.

AC/DC power systems can also be modeled as a unified system for the load-flow analysis [34].

Generally, AC/DC load-flow solution methods are categorized into two types, the sequential
method and the unified method. The sequential method was proposed by [28] and it solves load-



flow equations of AC and DC systems sequentially in each iteration of the solution. In contrast, the
unified method, proposed by [27], solves the load-flow equations of AC and DC systems

simultaneously.

In sequential AC/DC load-flow solution approach, the three sets of system equations (i.e. AC grid,
DC grid, and interlinking converter) are solved separately. This method usually starts with
estimation of DC system parameters. Afterwards, it finds the AC system equations solution and
used it to modify the estimated DC parameters. After this modification, the whole AC system
solution must be repeated. This iterative process continues until convergence is obtained [29]. The
main advantage of the sequential method is that it requires lower computational requirements as it
can be coded in existing load-flow analysis programs [42]. However, due to the additional iterative
loops, the sequential method is more time consuming and it may have convergence problems in
case one of the internal loops does not converge [43-45]. Several algorithms mostly based on the
Newton iterative method have been proposed for the sequential load-flow analysis of AC/DC
power systems [29, 32, 35, 39, 44, 46-49]. In addition to Newton-based algorithms in sequential
approach, branched-based algorithms can also be employed to solve load-flow problem in AC/DC

power systems [50].

In unified load-flow method, all sets of AC/DC power system’s equations are solved
simultaneously. In contrast with the sequential method, the unified method has less computation
time with higher accuracy, as it does not consider any assumptions in simplifying the relationship
between AC and DC grids [51]. Moreover, unified method has more robust convergence feature as
only one set of equations is solved in this method [52]. However, implementing the unified method
is more complicated than the sequential method as the existing load-flow programs are still not
well developed for this kind of approach [53]. Similar to the sequential approach, the most
commonly employed algorithms to solve the AC/DC load-flow problems with unified approach
are also based on Newton iterative method [30, 33, 38, 51, 52, 54].

Several studies have been carried out on comparison of different AC/DC load-flow methods and
solution procedures, and their advantages and disadvantages have been discussed [55-57].



CHAPTER 3 LOAD-FLOW METHODS FOR AC/DC DISTRIBUTION
SYSTEMS

In this chapter, a comprehensive review on load-flow methods for grid-connected and islanded
AC/DC distribution systems is presented. Section 3.1 introduces decoupled and unified modeling
approaches for load-flow analysis of AC/DC distribution systems. Section 3.2 presents AC/DC

load-flow problem formulation and solution methods based on each modeling approaches.

3.1 Modeling of AC/DC Distribution Systems for Load-Flow
Analysis

Modeling of the power system is one of the most significant steps for load-flow analysis. The more
accurate the modeling is performed for a power system; the more precise load-flow results can be
obtained. As mentioned before, there are two main modeling approaches for load-flow analysis of
AC/DC distribution systems, the decoupled and the unified. These approaches are presented in

detail in the following.

3.1.1 Decoupled Modeling

In this modeling approach, the AC/DC distribution system is divided into three sections, the AC
grid, the DC grid, and the AC/DC interlinking converter, and these sections are modeled separately.

3.1.1.1 AC Grid Modeling

Plenty of research have been carried out on modeling of AC grids for the conventional load-flow
studies of AC power systems [9, 58]. For load-flow analysis, an AC grid is represented by number
of buses (nodes) with generators and loads connected to them. Moreover, these buses can be
connected to each other via connection lines. The load-flow problem is defined for each bus (e.g.
bus “i”) in terms of its complex voltage (V;£48;) and apparent injected power (S; = P; +jQ;). In
general, there are three types of buses in conventional grid-connected AC grids, slack bus, AC load
bus (or PQ), and AC voltage-controlled bus (or PV). Slack buses have fixed reference voltage
magnitude and phase angle. In PQ buses, active and reactive powers are known, and PV buses have
fixed voltage magnitude and active power. Another required parameter for the load-flow solution



is the admittance matrix (¥) which represents the nodal admittance of the buses [59]. The generic

load-flow equations for bus “i” in an AC grid are as follows [9]:

NG.C

Pi = VLZ Y’-] Vj COS(6i - 8] - 911) (31)
j=1

Nac

Q= Viz Yi; V;sin(6; — 6; — 6) (3.2)
=1

where, P; and Q; are the injected active and reactive powers at bus “i”, N, is the number of AC

buses, V; and §; are magnitude and phase angle of the voltage at bus “i”, and Y;; and 6;; are

admittance between buses “i” and “j and its angle, respectively.

In case of AC/DC power systems, there are some other approaches for modeling the AC grid to
obtain the load-flow equations. For instance, an extended AC grid model including the elements
connected between the point of common coupling (PCC) and the AC bus of the AC/DC converter
has been proposed (Figure 3.1) [33, 46]. These elements are coupling transformers, low-pass filters
and line reactors and they are included in admittance matrix for the load-flow equations of the AC

grid.

Extended AC Grid

—————————— T VSC ————
V20, | V26,

I
: PCC | Vit |
AC Grid I
Z. |
| Z

|
__________ T

- —

Figure 3.1 Extended AC grid model [33]

In isolated cases (e.g. islanded microgrids), due to the lack of a stiff AC grid, the AC system’s
frequency is not constant anymore and it may vary. Therefore, the admittance terms which are

function of the system’s frequency (Y (w)) will change with variation in frequency [39, 60]. In



addition to considering the frequency change in the admittance matrix, it is necessary to obtain a
frequency dependent model for loads [37, 61]. Moreover, in islanded cases, since DGs may operate
in droop mode, it is required to obtain droop-based models for DGs [37, 62, 63] and storage systems
[64, 65].

In the following, modeling procedure of AC loads and DGs for load-flow analysis are explained,

respectively.

AC loads can be represented by the composite load model which includes both static and dynamic
characteristics of the load. Static load model represents the active and reactive powers at any time
as functions of bus voltage magnitude and frequency at that time, respectively [61]. For load-flow

analysis which is a steady-state study, static load model is commonly used [66].

The exponential static load model considering the impact of voltage is represented as [39]:
P, = PL,O(Vac)a (3.3)
QL= QL,O(Vac)ﬁ (3.4)

Where, P, , and Qo are nominal active and reactive power, « and f are active and reactive power
exponents. Based on the different values of « and £, this model can represent constant impedance
(¢ = B = 2), constant current (¢ = = 1), or constant power (« = = 0) loads. A combination
of constant impedance, constant current, and constant power loads can be represented by the ZIP
or polynomial load model in which the ZIP coefficients are assigned according to the type of each

load. The ZIP model can be presented as [67]:
2
Vac ) (Vac>
Zy|—| +L,|=—)+P
P <VaC0 P Vaco P

2
Vac Vac
Q. =0; |Z <—) +1 (— + P,
L Lo |“q v, ‘o q Vaco q

where, P, and @, are nominal active and reactive powers, V., is nominal AC voltage, and Z

(3.5)
PL = PLO

(3.6)

p.q’

I, 4. and B, , are ZIP coefficients for constant impedance, constant current, and constant power
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portions of the load. The sum of ZIP coefficients for each active and reactive power must be equal
to 1.

As mentioned before, in islanded cases where the frequency of the system is not constant, an
additional term must be added to the load model to consider the frequency dependency of the load
[68]. The frequency dependency terms can be added to both exponential and ZIP load model

formulas as follows:

P, = Ppo(Vac)*(1 + kpp(w — wy)) (3.7)

QL= 0Quo(Var)P(1 + kqr(w — wo)) (3.8)
Ve \* Vae

P, =P, |2, (V—> +1, <V—> + By | (1 + k(@ — ) (3.9)
Ve \* Vae

0 =0, |2, <V—> +1, (V—> + Py | (1 + kgp(@ — o)) (3.10)

where, w, and w are the nominal and operating frequencies, respectively, and k,r and k,, are

frequency sensitivity parameters.

AC DGs usually operate in PV or PQ control modes in a grid-connected AC grid. However, in
islanded cases, they can also operate in droop mode [69]. Similar to the AC buses in load-flow
problem, AC DGs can also be associated with four parameters, magnitude and phase angle of the
terminal voltage, output active and reactive power. The concept of PV and PQ control of AC DGs
is similar to conventional power systems. However, DGs can also be controlled autonomously by
their droop characteristics [62]. Based on the droop theory, the frequency and the AC terminal
voltage magnitude of droop-based AC DGs are controlled based on local measurements of active

and reactive power at each AC bus “i”, respectively (Figure 3.2) [63].
PGac:i = ((1)0 - w)/ﬁpac (311)

QGaC,i = (Vaco,i - Vac,i)/ﬁqac (3.12)
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where w, wo, V5 and V., are operating and nominal frequency and AC terminal voltage magnitude

of AC DG, respectively. Moreover, 9, _, 94, are the active and reactive power droop gains of the

dac

AC DG, respectively, and they can be determined as [34, 39]:

Opgei = (@M — ™M) /PG 2% (3.13)
Ogaei = Vaet™ = Vaed )/ Q6 (3.14)

where, @™ and w™", V2 and VR are the maximum and minimum allowed frequency and

voltage magnitude of AC grid, respectively. P; %} and Qg% are maximum active and reactive

powers of AC DG at bus “i”.

A
| .
| I PGM,:'SQGM,:' Busi
| e
| |V} I
|
|
v
. AC DG
/
‘ S | _ _
P/Q Vac,i 1
Droop
Characteristics

Figure 3.2 Model of AC DG operating in droop mode [69]

In the same manner, droop control can also be employed for AC type storage systems [64, 65].

3.1.1.2 DC Grid Modeling

In comparison with AC grid modeling, DC grid modeling for load-flow analysis has been less
investigated due to its more recent applications. Similar to the conventional AC grids, for load-
flow analysis, a DC grid is represented by a number of buses with loads and generators connected
to them [29]. The load-flow problem is defined for each DC bus in terms of its voltage magnitude

and injected active power.
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Three types of bus are defined for DC grids:
e DC voltage bus
e DC load bus
e DC droop-based DG bus

In DC voltage-controlled bus and the DC load bus, the voltage magnitude and the injected active
power are known, respectively [34]. DC droop-based DG bus is analogous to the AC droop-based
DG bus and it is utilized in islanded cases for power sharing among DGs in the DC grid [70]. By
employing the droop theory, the DC voltage of the DC DG bus is regulated based on its generated
DC power [38].

In DC grids, the active power flow depends on the difference in voltage magnitude between the

buses [47]. The injected current of the DC bus “m” can be represented as the current flowing to
the other buses in the DC grid [59]:

Ngc
lgem = z Gacmi(Vacm = Vac) (3.15)

=1
l+m

‘Gl’?

where G4 ., represents the conductance between DC buses “m” and “I”. The combined injected

currents for a DC grid with “N,;.” buses can be written as:
Iy = GycVac (3.16)

where G4, is DC conductance matrix, and V4, is DC voltage vector. The DC active power injected

to bus “m” in steady-state is represented by:

Pdc,m = Vdc,mldc,m (3-17)

Substituting (3.15) in (3.17) gives:
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Ngc

Pacm = Vaem Z Gacmi(Vacm — Vac, ) (3.18)
=1

l+m
In addition to the conventional DC grid modeling, in order to obtain the load-flow equations, there
are some other approaches proposed in the literature. In the simplest approach, the DC grid can be
modeled as an injected power into the AC grid to which it is connected [29, 59, 71]. This model is
usually employed to represent two-terminal HVDC systems [72]. It is appropriate for the studies
in which the overall impact of the DC grid on its linked AC grid is more important than the effects
of the actual components in that. However, by using this approach, it is not possible to obtain a
comprehensive model of DC grid with its components such as DGs, loads, and DC/DC converters
[59]. The other modeling approach is to exclude non-linear elements such as DC sources, DC loads,
and DC/DC converters, and assume that the DC grid is a linear network for which the conventional

modeling approach can be employed [51].

Moreover, in case of line or converter outages, zero current injection feature can be considered for
number of buses in DC grid load-flow model [47, 59]. This feature can also be added to the load-

flow model by defining a special DC bus category as zero-injection bus [33].

A typical DC grid consists of DGs, loads, and DC/DC converters. DC loads can be modeled as
constant power, constant current, or constant resistance loads among which the constant power
type is the most frequently used [73, 74]. DC/DC converters, DC motors, and variable speed drives
are the typical examples of constant power loads [75]. However, there are some motors that can be
modeled as constant current loads due to the almost equal drawn current for wide range of input
voltage [39]. Constant resistance loads such as lamps, heaters, and relays can be modeled within
the system conductance matrix. Hence, the total load connected to a DC bus can be modeled as
[39]:

PLdC,m = chc,m + VdC,mIc(i)c,m (3.19)

Where P2, ., and I3, ,,, are the load constant power and constant current portions, respectively. This

load modeling approach is commonly used for DC loads in AC/DC microgrids [37-39].
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In addition to loads, DC grids consist of DC DGs which can operate in constant power or droop
modes. Constant power DC DGs can be modeled for load-flow analysis as constant power loads
with opposite sign. Droop-based DC DGs can be modeled using DC droop characteristics at each

DC bus “m” with the following control structure [38, 39]:

PGdC,m = (Vdco,m - Vdc,m)/ﬁpdc,m (3.20)

Where, Pg,_is the DG output power, V., is the DG no-load DC reference voltage, and 9, is

droop gain for DG output power and it can be determined as [34, 39]:
Opgem = (Vacsn = Vacam)/Péaom (3.21)

Where, Pg"*7, is the maximum power of DC DG connected to bus “m”, and Vg5, and ViR are

maximum and minimum allowed voltages of DC grid.

In addition to DC DGs and loads, DC grids also consist of DC/DC converters. They are employed
to change the DC voltage level like the AC transformers in conventional AC systems [76]. Various
topologies with different features have been proposed for DC/DC converters in power applications
[77-85]. These converters are mostly based on dual active bridge [77, 85-87], resonant [81, 88],
and modular multilevel topologies [83, 84, 89].

In case that the DC grid consists of several DC subgrids which may have different voltage levels,
multiport DC/DC converters are required for interconnection of those subgrids. For the DC grids
at distribution level, several multiport DC/DC converters have been proposed for integration of
renewable DGs [90-92], electric vehicles [93], energy storage systems [94, 95], and photovoltaic
systems [96]. At HVDC level, several approaches such as DC hub and DC/DC autotransformer
have been proposed for interconnection of multiple DC systems. The DC hub functions as
substations in conventional AC systems as it connects multiple DC transmission lines with same
or different voltage levels. DC hub’s topology is based on multiple IGBT-based AC/DC converters
along with an internal LCL circuit [97]. In contrast with DC hub which requires DC/AC/DC
conversion, the multiport DC/DC autotransformer utilizes direct electrical connection between the

interconnected DC systems [98].
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DC/DC converters can be considered as constant power loads in load-flow analysis [74]. However,
several load-flow models for these converters have been proposed [49, 85, 99-102]. DC/DC
converter topologies can be categorized into two types, non-galvanic (i.e. without isolating
transformer) and galvanic isolated (i.e. with isolating transformer) [103]. Boost and bridge
converters are the most commonly used non-galvanic and galvanic isolated topologies, respectively
[85]. The load-flow model equations considering converter losses and control strategy fora DC/DC

converter (Figure 3.3) between two DC buses (m and [), are as follows [85]:

DC/DC
Converter
Vi N Vi
*——— —e
Im — - D II

Figure 3.3 DC/DC converter model [85]

Ngc
ViV Grnj + Vil (3.22)
Jj#l
Ngc
Pl = Z VlV]Gl] + VlIl (323)
jEm
lem + Vlll - PlOSS =0 (324)
Vi = Vexp (3.25)

where B, and P; are nodal power at bus “m” and “I”, G,; (X = m orl) is the element in DC

conductance matrix representing the conductance value between bus “m” or “I” and *“j”. Equation

(3.24) is the power balance equation, P, is the converter losses, and V,,,, is the expected voltage

value at bus “m” Equation (3.25) indicates the control scheme of the converter.
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3.1.1.3 AC/DC Interlinking Converter Modeling

In recent years, due to the considerable developments in power electronics technology and the rapid
increase in utilization of renewable energy sources which are usually connected to power systems
via power electronics converters, AC/DC converters have been comprehensively studied [104].
Among the existing topologies for AC/DC converters, voltage source converters (VSCs) are the
most frequently used in power system applications such as generation, transmission, and
distribution. VSCs have several advantages compared to line-commutated current source
converters [105]. Firstly, as self-commutated topologies, they are able to avoid commutation
failures which may happen due to the disturbances in the AC grid. Moreover, they offer

independent control for the generated or consumed active and reactive powers of the converter.

VSCs are used as a link between AC and DC grids in AC/DC power systems. Various models of
VSCs and their control features have been proposed for AC/DC load-flow analysis at different
power system levels. Due to the widespread application of HVDC systems, most of the existing
VSC load-flow models have been proposed for these systems. The general representation of the
VSC station as an interface between AC and DC grids in an HVDC system is shown in Figure 3.4.
VSCs are usually connected to the point of common coupling (PCC) of the AC grid via phase
reactors, AC filters and coupling transformers, and at DC side, VSCs are connected to the DC grid
via DC capacitors [11]. The phase reactors are employed to regulate the current and consequently
control active and reactive power flows [106]. They are also able to reduce the high frequency
harmonic of the AC current caused by switching of the VSC [106]. AC filters are used to
compensate the impact of high frequency harmonics on output AC voltage [106]. Transformers
provide appropriate voltage level for both AC grid and VSC. In addition to voltage ripple reduction,
DC capacitors provide storage to facilitate power flow control [106].



17

VSC
AC o+
-1 V265 V40 J_

I Ve

Z, |
vsC 4 L==ac VSC T o -

f
DC Bus

Figure 3.4 Structure of VSC station [42]

In load-flow studies, at the DC side, VSCs are normally represented as controlled current source
[35, 54]. At the AC side, they are considered as a controlled voltage source behind a complex
admittance (Figure 3.5) consisting of admittances for phase reactor (Y, = |Y,|£6.) and transformer
(Y: = |Y;|£6,), and susceptance of AC filter (B;) [30, 33, 35, 36, 47, 51, 52, 54, 59, 107]. In order
to simplify the load-flow model and facilitate the computation of load-flow solution, some of these
admittances have been neglected in several investigations [29, 71]. Based on the standard AC load-
flow equations (3.1) and (3.2) [9], the injected active and reactive powers to the AC grid (P, and
Q) and powers at the AC side of VSC (P, and Q.) in terms of complex voltages can be calculated

as follows [35]:

Py = —VZ|Y| cos 8, + ViV¢|Y,| cos(85 — 65 — 6;) (3.26)
P. = V2|Y,| cos 6, — V. V;|Y| cos(6, — & — 6,) (3.28)

Qc = _VCZIYCI sin 6, — VfVclycl sin(6; — Sf —6.) (3-29)
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Figure 3.5 VSC station equivalent circuit model [42]

The other equations required for modeling of VSCs in load-flow studies are voltage and active
power coupling between AC and DC grid. The terminal voltages at AC (bus “i”’) and DC (bus “m”)
sides are coupled by the pulse width modulation (PWM) amplitude index (M) as follows [108,
109]:
M
Vei= ﬁvdc,m (3.30)
Where, “M” is the amplitude modulation index, and V. ; and V. ,,, are AC and DC voltages of the

VSC, respectively.

The active power at AC and DC sides are also related to each other as [107]:
PC + PdC + PlOSS =0 (331)

Where P, and P, are AC and DC power, and Py, is converter loss which will be explained in the

following.

In addition to the admittances between VSC and AC grid, converter losses and control modes are
the other features which need to be considered in modeling of VSCs for load-flow analysis. A
generalized loss model of the VSC must incorporate the AC filter losses, phase reactor losses and
the voltage drop in transformer impedance [110]. The overall converter loss can be approximated
as a quadratic function of converter current (I.) which depends on the active and reactive powers
exchanged between the VSC and the AC grid as presented in equation (3.32). As shown in equation
(3.33), the total converter loss includes constant, linear, and variable components [72]. Constant

and linear losses represent no-load and switching losses, respectively. The variable losses which
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are associated with square of converter current, include the diode’s reverse recovery and generated

heat losses [47, 59].

| YRR (3.32)

¢ Ve
Pss = A+ BI. + CI? (3.33)

Where, “A”, “B”, and “C” are the per unit loss coefficients and they can be determined by the test
data of converter losses [59]. Converter losses can be neglected in load-flow analysis of low- and
medium-voltage AC/DC distribution systems [8, 111]. In this case the AC and DC powers of the
converter are equal but opposite in sign. Therefore, in the following sections, converter’s power

which can present its AC and DC powers is defined as:
P, =Py = —P. (3.34)

where, IC stands for “interlinking converter”.

As mentioned earlier, VSCs are able to control the active and reactive power independently with
respect to the AC system. Due to this feature, four control modes have been categorized for VSCs

in AC/DC load-flow studies of HVDC systems with respect to active and reactive powers [42]:
- P,.-control: the VSC controls its constant active power injection P, into the AC grid.

- V4c.-control: the VSC controls its constant DC voltage V. by regulating the active power
injection P,..

- Qgc-control: the VSC controls its constant reactive power injection Q. into the AC grid.

- Vae-control: the VSC controls its constant AC bus Voltage Vac by adjusting the reactive
power injection Q..

In multiterminal HVDC systems, one of the VSCs is modeled as DC slack bus converter to
incorporate the DC grid losses and preserve the DC grid voltage. The other VSCs can be considered

to operate in PQ or PV control mode in AC grid [42].
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In isolated cases like islanded AC/DC microgrids, due to the lack of stiff AC or DC grid, the
AC/DC interlinking converter must coordinate AC and DC grids to achieve a specific power
sharing objective such as [112]:

- Equal sharing of AC/DC microgrid demand among the DGs based on their ratings
- Equal loading of AC and DC subgrids to prevent overloaded and underloaded conditions

The most commonly used power sharing control strategy for interlinking converters in isolated
cases is droop control [70]. As shown in equations (3.11) and (3.20), in droop control theory, w
and V. can be controlled based on local measurement of active powers in AC and DC subgrids,
respectively. Since only active power can be transferred between AC and DC subgrids via
interlinking converter, w and V. are considered as loading indicators of AC and DC subgrids,
respectively. In order to control the active power transfer between two subgrids, they must be
compared. Since they have different units, they are normalized in order to be in identical scale and
in a range between -1 and 1 [70]:
N Ve — 0.5(V % + yniny

Ve = . 3.35
@ 0.5(Viex — ymin (3:39)

w — 0.5(w™%* + ™n)
O_S(wmax _ wmin)

o= (3.36)

where, 7, and & are normalized DC terminal voltage and normalized frequency of the AC subgrid,
and V. and w indicate the DC terminal voltage of the interlinking converter and the frequency of
AC subgrid. Superscripts “max” and “min” represent the maximum and minimum allowable value

of each variables.

As mentioned above, the active power droop control is an autonomous control scheme as it requires
only local measurement of AC subgrid frequency and DC subgrid voltage. Therefore, in order to
equalize the loading of AC and DC subgrids, their loading indicators (normalized DC terminal

voltage and normalized frequency) must be equalized as follows [70]:

o=V, (3.37)
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Figure 3.6 illustrates the power sharing process between AC and DC subgrids via interlinking

converter using droop control theory.
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Figure 3.6 Power sharing between AC and DC subgrids using droop control theory [70]

The difference between normalized frequency and DC voltage (Ae = @ — V) is an error which
should be set to zero by using a control approach in order to have a balanced power sharing between
two subgrids [70]. The active power transferred between AC and DC subgrids via droop-controlled

interlinking converter is:
1
Pic = 9 (@ —Vac) (3.38)
IC

Where, “9,.” is droop gain for active power of interlinking converter and it determines the amount
of active power transferred between AC and DC subgrids based on Ae. The direction of transferred
power is specified based on the sign of Ae. If Ae > 0, power transferred from AC to DC subgrid,
and if Ae < 0, power transferred from DC to AC subgrid. 9;. can be determined as [37]:

~max ~min
w — W

191C == W (339)
Where, P/2%* is the maximum capacity of the converter, and @™** and @™" are maximum and

minimum normalized frequency or +1 and —1, respectively.

When there are multiple AC or DC subgrids, since the DC voltage and frequency might be different
in each subgrid, each interlinking converter should have its own droop characteristics in order to

control the direction and amount of power transferred between subgrids appropriately [37].
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In an isolated AC/DC system, when the active power flows from the DC subgrid to the AC subgrid,
the interlinking converter is also able to support the reactive power [70]. This reactive power can
be controlled in a similar manner to droop-based AC DGs (equation (3.12)), if the converter limits

are respected:
Qetim = |Sum — P (3.40)

0. = [min(Qeym (% = %)) Pic >0 (3.41)
0 PIC S 0

Where, “9,_” is droop gain for reactive power of interlinking converter and it can be calculated in

a similar manner as reactive power droop gain of AC DGs (equation (3.14)).

The droop control requires the continuous operation of the interlinking converter which would
increase the conversion losses [38]. To overcome this shortcoming, the dead-zone (no power
exchange zone) control strategy has been introduced [38]. In this control scheme the power

exchange is only allowed when one of the subgrids is overloaded while the other is underloaded.

In addition to the mentioned modeling approaches for VSCs, another approach has been proposed
for VSCs in load-flow studies based on the sequence components [40, 48]. As most of VSC
controllers are implemented using sequence components, it might be more convenient to model the
VSC in sequence frame [113]. The positive-sequence model of the VSC is employed for PQ or PV
control modes, while the negative-sequence or zero-sequence model can provide some specific
control functions such as injecting only balanced three phase current [113] or compensating the

zero-sequence current of an unbalanced load [114].

In the mentioned modeling approaches for AC/DC converters in load-flow studies, these converters
are usually modeled as voltage and current sources connected to AC and DC subgrids. However,
there is also another modeling approach for such converters named as t-model. This model can be
incorporated into the admittance matrix and results in modeling of the AC/DC system with multiple
AC and DC sections and also a three-phase unbalanced AC/DC load-flow analysis using the
Newton method [115].
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3.1.2 Unified Modeling

Most of the research works on load-flow modeling of AC/DC power systems are based on the
decoupled modeling concept [29-31, 33, 35, 37-39, 46, 47, 51, 54, 71, 107]. However, AC/DC
power systems can be modeled as a unified system without decoupling of AC and DC parts [34].
This modeling approach might be more appropriate than the decoupled approach for AC/DC
distribution systems as they consist of various types of AC and DC DGs and loads, and numerous

AC and DC buses and lines merged with each other that cannot be decoupled easily [34].

Similar to decoupled modeling, in unified approach, VSCs are modeled based on the relations of
their voltage [70] and power [107] at the AC and DC sides in both grid-connected and isolated

Ccases.

As shown by equation (3.30), for a VSC with three-phase sinusoidal PWM in a linear modulation

range (M < 1), if the positive and negative DC bus voltages are +V,;./2 and —V,./2, the
magnitude of AC bus voltage and its RMS value would be MV,./2 and MV,./2+/2, respectively.

Hence, the relation between base (i.e. M = 1) AC and DC voltages can be written as [109]:

1
vopse = Wi s (3.42)

Consequently, their relation in p.u. can be given by:

Vit =MV, (3.43)

de,m
Moreover, VSC’s DC and AC active power are related to each other by converter’s efficiency (n):

P Vieml
Pc — ﬁ — dc,midc,ml (3.44)
n n

As shown by equation (3.15), the current I ,,; Which flows from DC bus “m” to DC bus “I” can

be calculated as:

Idc,ml = Gdc,ml(Vdc,m - Vdc,l) (3-45)

Substituting (3.43) and (3.45) into (3.44) results in:
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Ghe
P, = % (M~2(VED? = M~ VAV EY) (3.46)

C

The reactive power at AC side of VSC (Q.) can be controlled by a direct setpoint or calculated as:
Q. = P.tan ¢, (3.47)

where, ¢, is the power factor angle of the converter.

The other parts of the AC/DC distribution system are modeled according to the different AC/DC
configurations. Four different cases are considered for the possible connection of AC and DC buses

in an AC/DC distribution system and power equations are derived for each case [34]:
Case 1: connection between two AC buses via an AC line (Figure 3.7).

In this case, the active and reactive power equations between bus “i” and “j” are similar to

conventional load-flow equations between two buses (i.e. (3.1) and (3.2)).

Pij, Qij

Viuai Vj,&j

Figure 3.7 Connection between two AC buses via AC line [34]

Case 2: connection between two AC buses via a DC line and two AC/DC converters (Figure 3.8).

s
l

In this case, the active and reactive power equations between bus “i”” and ““j” are as follows:

_ _ _ a,
Pij = Ggeij(MPVE — M ViMi! Vj)(_n“ + binij—i) (3.48)
ij-r

Qij = Pl] tan ‘Pc—ij (349)

where, M;; and ¢._;; are the modulation index and power factor angle for the VSC connected to

€C

bus “i” between buses “i”” and “j”, respectively. Subscripts “r” and “i” in 7;; indicate if the VSC
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functions as rectifier or inverter, respectively. Coefficients a; and b; can be determined using
equations (3.52) and (3.53). When the VSC functions as a rectifier, a; = 1 and b, = 0, and when

it functions as an inverter a; = 0 and b; = 1.
a; = 0.5(1 + sgn(M;;' V; = M V))) (3.50)
by = 0.5(1 — sgn(M;;* V; — M7' V) (3.51)

where, "sgn" is the sign function.

i j
VSC;; VSC;
Pij, Qjj o Pacii -
1 DC 1 —
M) Vi i) Vi
Vi, 0 (My) (Mi)™V3 Vi, 0j

Figure 3.8 Connection between two AC buses via DC line and two AC/DC converters [34]
Case 3: connection between AC and DC buses (Figure 3.9 and Figure 3.10).

If the power flows from AC to DC, the active and reactive power equations between bus “i” and

[IX 54

'j” are similar to previous case (i.e. equations (3.48) and (3.49)).

— _ a
Pij = Gacij(M*VE — M3V, V})(_U“ + baNij-i) (3.52)
ij—r

Qij = Pjjtan@._; (3.53)

In these equations, all the parameters are similar to the previous case except a, and b, coefficients.
They can be determined using equations (3.54) and (3.55). When the VSC functions as a rectifier,

a, = 1and b, = 0, and when it functions as an inverter a, = 0 and b, = 1.
a = 0.5(1 +sgn(M;' V; — V))) (3.54)

by = 0.5(1 — sgn(M;;* V; — V) (3.55)
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Figure 3.9 Connection between AC and DC buses (power flows from AC to DC) [34]

€6
l

If the power flows from DC to AC, the power equation at DC bus “i” is as follows:

Pij = Gacij(VE — ViMj; ' V) (3.56)
! o
Pacj VSGii
—_—
DC . ~
M)V,
V2 M)V V;, o

Figure 3.10 Connection between AC and DC buses (power flows from DC to AC) [34]
Case 4: connection between two DC buses (Figure 3.11).

e s e s

In this case, the DC power equation between bus “i” and “j” is given by:

Pij = Gacij (VE = ViV)) (3.57)

Figure 3.11 Connection between two DC buses [34]
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3.2 AC/DC load-flow Problem Formulation and Solution Methods

The AC/DC load-flow problem is formulated based on the models derived for the AC/DC power
system. This problem is formed as a set of mismatch equations which need to be solved iteratively
until the difference between known and calculated values are lower than a specified value (pre-
defined maximum mismatch). AC/DC load-flow equations might be set up in different formats
based on the type of the AC/DC system (grid-connected or isolated) and the modeling approach
(decoupled or unified). Furthermore, as stated in section 2.2, AC/DC load-flow equations can be
solved using sequential or unified algorithms. These two methods of AC/DC load-flow solution

are explained in more detail in the following.

In sequential AC/DC load-flow solution approach, the three sets of system equations (i.e. AC grid,
DC grid, and interlinking converter) are solved separately. This method usually starts with
estimation of DC system parameters. Afterwards, it finds the AC system equations solution and
used it to modify the estimated DC parameters. After this modification, the whole AC system
solution must be repeated. This iterative process continues until convergence is obtained [29]. The
main advantage of the sequential method is that it requires lower computational requirements as it
can be coded in existing load-flow analysis programs [42]. However, due to the additional iterative
loops, the sequential method is more time consuming and it may have convergence problems in

case one of the internal loops does not converge [43-45].

Several algorithms mostly based on the Newton iterative method have been proposed for the
sequential load-flow analysis of AC/DC power systems [29, 32, 35, 39, 44, 46-49]. Figure 3.12
illustrates the flowchart of a sequential AC/DC load-flow algorithm. The steps required for the

algorithm are as follows [47]:

1- DC slack converter is a converter station in the AC/DC system which it adopts its active
power injection to control its DC bus voltage. Considering lossless DC grid and converter,
an initial value is estimated for injecting power of DC slack converter. According to
conservation of power, by neglecting losses, the estimated initial injecting power of the
slack converter is equal to the sum of powers at the rest of converter buses.

2- Using the conventional Newton method in an inner loop, AC load-flow (based on equations
(3.1) and (3.2)) is calculated until convergence is reached.
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To accommodate converter stations into AC grid, AC load-flow equations must be extended
by including converter active and reactive power injections into mismatch equations (this
is similar to equations (3.58) and (3.59)). Hence, the active and reactive power injected to
AC grid by converters along with converter losses are calculated based on the AC load-
flow results (based on equations (3.32) and (3.33)). Consequently, the injected power to
DC grid can be determined (using equation (3.34)).

DC load-flow is determined by solving the DC grid equation (i.e. equation (3.18)) in
another inner loop using Newton method.

Based on the DC slack converter losses calculated in step 3 and its DC active power
determined in step 4, the active power injected to AC grid by DC slack converter bus can
be calculated based on equation (3.34).

The calculated active power injected to AC grid by DC slack converter in previous step is
compared to its initial value which was estimated in step 1. If their difference is less than a
pre-defined mismatch, the DC slack convergence criterion is fulfilled. Otherwise, with new
calculated DC slack bus power, next iteration from step 2 is needed. Once the DC slack
convergence criterion is fulfilled, the active and reactive power injections of DC slack bus

can be calculated based on equations (3.1) and (3.2).

Initial DC Slack Bus Power Estimate

le
¢

AC Grid Load-flow

L 2

Calculation of Converter Power and Losses

v

DC Grid Load-flow

v

DC Slack Bus Calculation

Yes
Output Converged?

No

Update DC Slack Bus Power —

Figure 3.12 Flowchart of a sequential AC/DC load-flow algorithm
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In unified load-flow method, all sets of AC/DC power system’s equations are solved

simultaneously. Several unified approaches have been proposed for load-flow analysis of AC/DC

power systems [30, 33, 38, 51, 52, 54]. Similar to the sequential approach, the most commonly

employed algorithms to solve the load-flow problems with unified approach are also based on

Newton iterative method.

The flowchart of a unified AC/DC load-flow algorithm is shown in Figure 3.13. The steps required

for the algorithm are as follows [43]:

1

Initialization of input variables. This includes a flat (V. = 1.0 p.u. and 6 = 0.0°)

estimation of AC voltage magnitudes for load (PQ) buses, phase angle for all non-slack

(PV and PQ) buses, and DC voltage magnitudes (Vdc(o) = 1 p.u.) for non-slack buses (DC
load buses) in DC system. The initial value for total losses at DC slack converter bus is
considered to be zero.

The initial AC active power of the slack converter is calculated. Since losses are neglected
in previous step, this is equal to the DC power of the slack converter bus (similar to
sequential method, DC slack converter has constant DC voltage) which can be determined
based on equation (3.17).

Injected AC active and reactive power for each bus are calculated based on equations (3.1)
and (3.2).

By finding out the injected current for each converter from the injected active and reactive
power calculated in previous step, total loss for all converters can be determined using
equations (3.32) and (3.33).

Injected and reference DC powers for non-slack converters (PV and PQ) are calculated
based on equations (3.18) and (3.31) where AC active powers for non-slack converters are
known and losses are calculated in step 4. The convergence of injected to reference DC
power must be checked based on the DC mismatch equation which is the difference
between these powers.

All the required data to obtain the three mismatch equations (AC, DC, and slack converter
loss) are available. Hence, the convergence of this set of equations can be checked. If the

convergence is not reached, all the input variables are updated for the next iteration.
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Initialization of Input Variables

l¢
&

Calculation of Slack Converter’s AC Active Power

v

Calculation of Injected Active and Reactive Power

v

Calculation of Total Converters Losses

v

Calculation of Injected and Reference DC Powers
for Non-slack Converters

v

Checking Mismatch Equations

Yes

Output Converged?

Update Input Variables —

Figure 3.13 Flowchart of a unified AC/DC load-flow algorithm

In general, unified solution algorithm is superior to sequential algorithm due to its less computation
time and more robust convergence features. Hence, this thesis mainly focused on unified solution
for AC/DC load-flow problem.

In the following, two unified AC/DC load-flow problem formulation and solution procedures
which are proposed for decoupled and unified modeling approaches are presented.

As mentioned in section 3.1.1, in decoupled modeling approach for load-flow analysis, the AC/DC
distribution systems are divided into AC grid, DC grid, and the interlinking converter. In case the
system under review is an isolated system from the utility grid, some additional equations such as
droop equations for AC and DC DGs and interlinking converters must be added to grid-connected
AC/DC load-flow equations. Therefore, by describing the load-flow formulation and solution

method for an isolated AC/DC distribution system, grid-connected case is automatically explained.

One of the most straightforward unified algorithm for load-flow analysis of isolated AC/DC
distribution system (islanded AC/DC microgrid) based on decoupled modeling approach proposed
in [37]. Newton method is employed to solve this AC/DC load-flow problem. Based on the
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equations mentioned in section 3.1.1 such as injected power to AC or DC buses and loads and DGs
connected to each bus, power balance (mismatch) equations for any AC bus “i” and DC bus “m”

can be formed as follows [37]:

mis,i = Pai + Pieg — Pri — P° (3.58)
misi = Qgi + Qici — QL — Qi (3.59)
Pr(ril(gs,m = Pgﬁn + PIC({‘C,m - ngn - ch (3'60)

Where, subscripts G, IC, and L represents generator, interlinking converter, and loads, respectively.
Pf¢, Qf¢, and P4¢ are the injected powers at AC bus “i” and DC bus “m” and can be calculated
based on equations (3.1), (3.2), and (3.18), respectively. These are generic mismatch equations and
if some specific components are not connected to a bus, their corresponding terms in equations are

equal to zero.

Considering a lossless operation for the interlinking converter due to the assumption that the
AC/DC microgrid works at low or medium voltage levels, the power (mismatch) balance equation

(PIC. .) at the AC side of the converter connected to bus “c” is [37]:

is,c

PG = P& — P — PRS — PAC (3.61)

mis,c

Here, it is assumed that P, = PS¢ where PSS is the active power injected by interlinking converter
to DC grid. Therefore, based on equation (3.34), the active power injected by interlinking converter
to AC grid is P3¢ = —P3¢ = —P,.. Equation (3.61) indicates the interdependency of AC and DC
grids. Since P, includes DC voltage terms, the AC power balance equation of the converter

requires partial derivatives with respect to DC bus voltage.

Furthermore, the frequency is also an unknown variable in the load-flow analysis of the islanded
AC/DC system. Hence, the partial derivatives of the power balance equations with respect to
frequency must also be incorporated in the Jacobian matrix of the system. In this case, in order to
equalize the number of mismatch equations and unknown variables, the voltage phase angle of one

of the AC buses is considered as a reference and set to be zero.
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Considering the aforementioned points, the Newton equations (Jacobian matrix and the updating

equation) for this AC/DC load-flow method are as follows [37]:

[0 ;lncis a ;lncis a ;lncis a ?ncis_
v, ow as  avy,,

J= anis anis aniS aniS (362)
W, dw 88 Vg
L) ) ) S

av,, o a5 v, .

Vac k+1 Vac k ngis k

w w _

o el g{is (3.63)
Vdc Vdc Pmis

Where “k” is the iteration’s number.

Similar to the conventional Newton AC load-flow, first, the Jacobian matrix of the system is
formed (equation (3.62)), then the AC and DC voltage magnitudes, AC voltage phase angles and
AC system frequency will be updated using equation (3.63). Consequently, power mismatch
equations will be updated according to the updated unknown variables. This process will continue

until the power mismatches are less than a specified value.

As stated in section 3.1.2, in contrast with decoupled approach, in unified approach the whole
AC/DC network is modeled as a unified system [34]. Similar to the aforementioned load-flow
solution, the AC/DC load-flow algorithm using unified modeling is also capable of being employed
for isolated cases such as islanded AC/DC microgrids. In this method, in addition to AC admittance
(Y) and DC conductance (G 4.) matrices, three binary configuration matrices (W, U, D) are defined

based on the configuration of an AC/DC power system with “N” buses [34]:

- W(N x 1): Indicates the type of buses (W; = 0 if bus “i” is AC, W; = 1 if bus “i” is DC).

- U(N x N): lllustrates the existence of connection between buses (U;; = 0 if no line
connects buses “i” and “j”, U;; = 1 if a line connects buses “i” and “j”).

- D(N X N): Describes the type of the lines between each two buses (D;; = 0 if the line

between buses “i” and “j” is AC, D;; = 1 if the line between them is DC).
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Moreover, the procedure of forming the AC admittance and DC conductance matrices is slightly

different than the conventional method mentioned in section 3.1.1. For a system with N buses, Y;;

is an element in the ¥ matrix which represents the admittance of the AC line connecting buses “i”
and “j”. In contrast to the conventional procedure, the main diagonal of the ¥ matrix is equal to
zero in this method. Furthermore, as the frequency is not constant in isolated cases, the admittance

matrix must be considered as a function of frequency.

Similarly, for the same system with “N”’buses, in the DC conductance matrix G4, Gq.;; represents

the conductance of the DC line between buses “i”” and “j”. Here, also the main diagonal of the G4,

matrix is equal to zero.

Once the input matrices are built, the active and reactive power balance (mismatch) equations can

be written as follows [34]:
p™ =pc  yi=12..,N (3.64)

Q;™ =0,  vi=12,..,N (3.65)

s
l

P; ™ and Ql-i"j refer to the injected active and reactive power into bus and they are calculated

based on the generators and loads connected to that bus. P;°* and Q;° refer to the active and

[IF&4
l

reactive power transmitted through the lines connected to bus which calculated based on the
connection cases mentioned in section 3.1.2, and the configuration matrices (W, U, D). The detailed

formulas of injected and calculated powers are presented in Appendix B.

For the load-flow problem of isolated AC/DC systems, the power droop equations for AC and DC
DGs as well as interlinking converters stated in section 3.1 are combined with injected and
calculated active and reactive powers stated in (3.64) and (3.65). The reactive power droop
equation of an interlinking converter connected to bus “i” can be obtained in a same manner as AC

DGs (subscript “c” refers to the converter values) [34]:
Qcac,i = (VcaCO,i - Vcac,i)/ﬁqc,i (3.66)

The load-flow problem is formed by all the mismatch equations mentioned above as an

optimization problem which required to be minimized and it can be solved simultaneously with
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different methods such as Newton, or a Generalized Reduced Gradient (GRG) method [34]. The
load-flow problem is formulated as [34]:

min||F (x)l|, X € R™ (3.67)

Where, n,, is the number of system unknown variables x, and F (x) is the set of mismatch equations
and defined as [34]:

(p,™ — p.cal vi=12,..,N
Q"™ — Q™ Vi=12 .., N
Pg.i — (wo — @) /9, Vi=12,.., N
F(x) = A QGacl - ( aco,l — Vac,i)/ﬁqac,i Vi=12, ---'N(C;ZC (3.68)
Pk = Wacoke = Vaci) /Opy 0 Vi=12, ---'Ngarc
Vi — @ Vi=12,..,N5°

\Qcac,i - (VcaCO,i - Vcac,i)/ﬁqc,i Vi=1.2, ---rNciSO

The proposed algorithm to solve this load-flow problem is as follows [34]:

1. At first, the type, the known and the unknown parameters (i.e. voltage magnitude, phase
angle, and active and reactive powers for AC buses and voltage magnitude and active power
for DC buses) for each bus must be defined.

2. Inthe second step, the AC admittance, the DC conductance, and the configuration matrices
are constructed.

3. Afterwards, the parameters are converted to per-unit values and a flat start is considered for

unknown voltages (V©® = 1.0 p.u. and §® = 0.0°).

4. These data are employed as the input of the load-flow problem formulated by power balance
and VVSC droop equations. Consequently, the load-flow problem is solved using an iterative

method (e.g. Newton or GRG) until the following convergence criteria is met.

p.inj Pcal (3.69)
<le’” Qf‘”l) )

Where, ¢ is the maximum pre-defined mismatch.
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CHAPTER 4 LOAD-FLOW METHODS VALIDATION AND
COMPARISON

In this chapter, firstly in section 4.1, the two AC/DC load-flow methods based on decoupled [37]
and unified [34] modeling approaches which were presented in previous chapter are firstly
programmed in MATLAB and then validated by comparing their results with a time-domain
simulation tool (i.e. EMTP). In section 4.2, the performances of these load-flow methods are
compared to each other based on their results obtained from a specific case study. Consequently,
in section 4.3 two techniques are introduced and applied to the aforementioned AC/DC load-flow

methods in order to improve their performances.

In the following sections, for ease of reference, selected load-flow methods based on decoupled
and unified modeling approaches will be referred as “decoupled” and “generalized” load-flow
methods, respectively.

4.1 Validation of AC/DC Load-Flow Methods

In this section, the results of decoupled and generalized AC/DC load-flow methods are first being
reproduced in MATLAB and then verified against the EMTP load-flow tool and steady-state
solution of EMTP.

4.1.1 Validation of Decoupled AC/DC Load-Flow Method

In order to validate the mentioned decoupled AC/DC load-flow method, which is developed only
for islanded AC/DC systems, one of the AC/DC test systems in the research work [37] is chosen.
The 12-bus AC/DC system (Test_1) is shown in Figure 4.1 and its parameters (impedances, loads,
DGs, and converter) are stated in Table 4.1, Table 4.2, and Table 4.3. In this test system, AC lines
are modeled as RL (resistance and inductance) branches and DC lines as R (resistance) branches.
Although the reason is not stated in [37], but this might be due to considering short lines in load-
flow analysis for low- or medium-voltage systems. In a similar case study in another research work
on load-flow analysis of AC/DC microgrids, the lengths of lines are considered to be in the range
of 0.05 km to 0.1 km [38]. These values illustrate that lines are assumed to be short in such

systems, and they can be modeled as RL and R branches for AC and DC types, respectively.
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The base values (apparent power, AC and DC voltages) for p.u. conversion are Sy.s. = 1 kVA,

=127V, and VZ,,

ac

fo = 400 V. Moreover, the acceptable voltage and frequency range for the

system are +5% and +2%, respectively. Although the AC base voltage is not a common value for
low-voltage AC systems, but the main purpose here is to validate the decoupled load-flow method

based on its results. Hence, all the above-mentioned base values are considered here.

This system comprises two 6-bus AC and DC subgrids which are connected to each other via an
interlinking converter. Each subgrid consists of droop-controlled DGs and loads and the droop
gains which are stated in Table 4.3, can be calculated as stated in previous chapter. It is also worth
mentioning that the injected active and reactive powers of DGs and interlinking converter are
assumed to be zero in decoupled load-flow method [37]. Hence, those powers can be determined
using droop equations stated in section 3.1.1 at the end of the algorithm.

Table 4.1 Impedances of Test_1 system

From Bus | To Bus | Resistance (©) | Inductance (mH)
1 2 0.02 0.12732
2 3 0.06 0.38197
3 6 0.01 0.06366
4 1 0.08 0.50930
5 2 0.04 0.25465
7 8 0.1 -

8 9 0.2 -
7 10 0.05 -
9 12 0.05 -
10 11 0.02 -
11 12 0.2 -

Table 4.2 Load data of Test_1 system

Bus | P{(kW) | Qi€(kVAT) | PY<(kW)
1 1.614 1.068 -
3 2.145 1.516 -
7 - - 10
11 - - 7.3
12 - - 7.3
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Table 4.3 DGs and converter parameters of Test_1 system

Spe = 1.6 kVA,Vpe = 127V, 1,50 Hz
1/9,. = 10638 W/rads™', 1/9, = 1087.9 VAr/vV
15 kW, 400 V
1/9p,. = 10000 W/V
Picmax = 1.33 kW
9;c = 0.0015 W™, 9,0 = 9.1924 X 107* V/VAr

AC DGs

DC DGs

Converter (IC)

The first step of the validation is done by reproducing the load-flow results of the above-mentioned
AC/DC microgrid (obtained results in [37]) which is accomplished by programing the algorithm
in MATLAB (Codes Package\Decoupled LF\12 Bus Islanded Test System\Test_1.m)
using Newton method. With pre-defined maximum mismatch of 106, the load-flow algorithm has
reached convergence after 201 iterations and with mismatch of 9.8272 x 10~7. Detailed load-
flow results are stated in Table 4.4. As noted, the number of iterations is quite high compared to
Newton load-flow solution for a conventional AC system which is usually converged within less
than 10 iterations [116]. This could have several reasons such as variable frequency and its impact
on AC voltages and admittances, or the load-flow modeling approach. The other possible reason
which is frequently stated in the literature is that the Newton load-flow method works more
efficiently and converges faster for power systems with higher X /R ratio such as high-voltage
transmission systems. Since this ratio is lower in distribution system (with medium- or low-voltage

level), Newton method requires a greater number of iterations for convergence [117].

As stated in previous chapter, in order to equalize the number of mismatch equations and unknown
variables in isolated cases (where frequency is an unknown variable), one of the AC buses (e.g.

bus 1) is considered as a reference with known phase angle (§; = 0°).
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Figure 4.1 12-bus islanded AC/DC system (Test_1) [37]
Table 4.4 Decoupled load-flow results of Test_1 system
Bus | BusType |V (p.u.) | 8(°) | Pac (Pp-u.) | Quec (p-u.) | Py (p-u.)
1 | ACLoad | 0.9908 0 -1.6140 -1.0680 -
2 IC (AC) | 0.9935 |-0.0160| -0.0532 0.8991 -
3 | ACLoad | 0.9884 |-0.3408 | -2.1450 -1.5160 -
4 AC DG 0.9988 | 0.6841 1.2770 0.1720 -
5 AC DG 0.9980 | 0.3107 1.2770 0.2744 -
6 AC DG 0.9908 | -0.2945 1.2770 1.2763 -
7 | DCLoad | 0.9937 - - - -10.0000
8 IC(DC) | 0.9951 - - - 0.0532
9 DC DG 0.9976 - - - 9.4219
10 | DCDG 0.9962 - - - 15.1764
11 | DC Load | 0.9953 - - - -7.3000
12 | DC Load | 0.9953 - - - -7.3000
f=49.9809 Hz No. of iterations = 201

Mismatch = 9.8272 x 10~7 , Maximum mismatch = 10~°

38
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The second step of the validation is done using EMTP. This start with performing an approximation
using EMTP load-flow tool for the AC subgrid. The AC DGs are considered as PV buses in EMTP
with typical active power and voltage magnitude values P = 0.8 Sp; (typical DG sets rated power
factor is cos® = 0.8) and V = 1 p.u. respectively. Moreover, the interlinking converter is
considered as slack bus with typical voltage magnitude and phase angle of V' = 1.0 p.u.and § =
0.0°. Loads (PQ buses in EMTP) have same values as shown in Table 4.2. These approximations
are considered to observe the impact of droop equations for AC DGs and interlinking converter on
load-flow results. The EMTP load-flow results of AC subgrid based on the above-mentioned
approximations are shown in Table 4.5. By comparing the results state in Table 4.4 and Table 4.5
it is noticed that the calculated voltage magnitudes, phase angles, and active powers using the
approximations are slightly different than those determined by the MATLAB code. This illustrates
that droop equations do not significantly impact the load-flow results. Therefore, it is reasonable
to assume droop-based AC DGs as PV constraints in a conventional AC load-flow. However,
calculated reactive powers by these two approaches are much more different. This can be explained
by high sensitivity of reactive power to changes in voltage magnitudes. It is also the idea behind
the fast decoupled AC load-flow method in which the couplings between V&P and Q&3 are
neglected [118].

Table 4.5 EMTP load-flow results for AC subgrid of Test_1 system with PV approximation

Bus Bus Type Vipu)| 6(°) | Py (p-u) | Qu (p-u)
1 | ACLoad (PQ) | 0.9962 | 0.0456 -1.6140 -1.0680
2 IC (Slack) 1.0000 0 -0.0597 1.9243
3 | ACLoad (PQ) | 0.9972 |-0.3851| -2.1450 -1.5160
4 | ACDG (PV) | 1.0000 | 0.8486 1.28 -0.2518
5 | ACDG (PV) | 1.0000 | 0.4538 1.28 -0.6337
6 | ACDG (PV) | 1.0000 |-0.3505 1.28 1.5877

In order to further verify the accuracy of the load-flow results for AC subgrid of Test_1 system
obtained in MATLAB (Table 4.4), the following steps are done in EMTP load-flow tool (Figure
4.2). The interlinking converter AC side (bus 2) is considered as slack bus with known voltage
magnitude and phase angle from load-flow results. AC loads (buses 1 and 3) are PQ buses in

EMTP, and AC DGs (buses 4, 5, and 6) are considered as PV buses with active power and voltage
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magnitude obtained from MATLAB load-flow results. By running EMTP’s load-flow, other
unknown values of buses are obtained. For DC subgrid, DGs and DC side of interlinking converter
are considered as DC voltage sources, and loads are represented by their equivalent resistances.
The voltage magnitudes of these DC sources and the resistance values of the loads can be
determined using the load-flow results obtained in MATLAB (Table 4.4). Therefore, the remaining
unknown values for each bus are obtained by running time-domain simulation of the system in
EMTP and reading the steady-state results. Table 4.6 shows the EMTP results for Test_1 system.
By comparing the results of the coded load-flow (Table 4.4) and EMTP (Table 4.6) the accuracy
of the decoupled AC/DC load-flow algorithm can be verified.

Table 4.6 EMTP results for Test_1 system

Bus [ BusType [V (p.u.) | 6(°) | Pac(p-u.) | Qu (p.-u.) | Py (p.-u.)
1 | ACLoad | 0.9908 0 -1.6140 -1.0680 -

2 IC (AC) | 0.9935 |-0.0160 | -0.0532 0.8991 -

3 | ACLoad | 0.9884 |-0.3408 | -2.1450 -1.5160 -

4 AC DG 0.9988 | 0.6841 1.2770 0.1720 -

5 AC DG 0.9980 | 0.3107 1.2770 0.2744 -

6 AC DG 0.9908 | -0.2945 1.2770 1.2763 -

7 | DCLoad | 0.9937 - - - -10.0000
8 IC (DC) | 0.9951 - - - 0.0532
9 DC DG 0.9976 - - - 9.4219
10 | DC DG 0.9962 - - - 15.1764
11 | DC Load | 0.9953 - - - -7.3000
12 | DC Load | 0.9953 - - - -7.3000
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Figure 4.2 12-bus islanded AC/DC system (Test_1) EMTP load-flow tool

4.1.2 Validation of Generalized AC/DC Load-Flow Method

In contrast with the above-mentioned decoupled AC/DC load-flow, the generalized AC/DC load-
flow is developed for both grid-connected and islanded AC/DC systems. Hence, this load-flow
method is validated based on two different case studies (grid-connected and islanded). The

validation procedure is similar to what presented in the previous section.

4.1.2.1 Validation of Generalized Grid-Connected AC/DC Load-Flow

First, the generalized load-flow algorithm for a grid-connected AC/DC system (case study done in
[34]) is programmed in MATLAB (Codes Package\Generalized LF\13 — Bus Grid —
Connected\Test_2.m) and its results are reproduced. Afterwards, to verify the accuracy of the
proposed method, the load-flow results are compared with the EMTP load-flow tool for AC parts

and steady-state results obtained by simulating the AC/DC system (Test_2) in EMTP for DC parts.

Test_2 is a 13-bus AC/DC system shown in Figure 4.3 and its impedances which are modeled as

RL and R branches for AC and DC lines are presented in Table 4.7. The base values (apparent
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power, AC and DC voltages) for p.u. conversion are Sy, = 10 MVA, Vi<, = 4.16 kV, and

Vi . = 6.8 kV. The efficiency and power factor of VSCs are 1. = 98% and cos ¢, = 0.95 and
their modulation indices (M) are shown in Figure 4.3. Although the lines’ length is not mentioned
for this test system, but based on 13-bus IEEE test system with similar voltage level (4.16 kV),
lines length could be assumed to be between 90 m to 600 m [119]. In the load-flow algorithm, it
Is assumed that the injected active and reactive power of VSC buses are equal to zero [34].
However, VSCs’ powers can be calculated based on the obtained load-flow results and using

equations (3.46) and (3.47).

In this system, bus 1 is AC slack bus, bus 5 is DC voltage bus, bus 3 and bus 8 are AC PV buses,
buses 10-13 are VSC buses, and the rest are AC or DC load buses. PV and load buses data are
presented in

Table 4.8 and Table 4.9, respectively.

Table 4.7 Impedances of grid-connected Test_2 system

From Bus | To Bus | Resistance (£2) | Inductance ()
1 2 0.2218 0.3630
1 9 0.2218 0.3630
2 3 0.8870 1.4520
3 10 0.0500 0.7540
3 11 0.0500 0.7540
4 5 0.2208 -

4 11 0.4415 -
5 6 0.2208 -
6 13 0.4415 -
7 8 0.4435 0.7260
7 12 0.0500 0.7540
7 13 0.0500 0.7540
8 9 0.4435 0.7260
10 12 0.8830 -

Table 4.8 PV buses data of grid-connected Test_2 system

Bus |V (p.u.) | PEX(MW) | Qi5nin(MVAT) | Qi5hax(MVAT) | PIC(MW) | Qi€(MVAT)
3 1.0 2.5 0.1 0.75 1.5 0.2
8 1.0 2.5 0.1 0.75 1.0 0.1
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Table 4.9 Load buses data of grid-connected Test_2 system

Bus | PI(MW) | Qi°(MVAr) | P{(MW)
2 2.0 0.4 -
4 - - 1.0
6 - - 1.0
7 2.5 0.5 -
9 2.5 0.5 -
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Figure 4.3 13-bus grid-connected AC/DC system (Test_2) [34]

By programing the generalized AC/DC load-flow algorithm for the Test_2 system using Newton
method in MATLAB (Codes Package\Generalized LF\13 — Bus Grid — Connected\
Test_2.m), it is noted that with the pre-defined maximum mismatch of 107, the algorithm has
reached convergence after 6 iterations (that is within a normal range as conventional AC load-flow

solutions) and with mismatch of 4.7192 x 10~7. The load-flow results are stated in Table 4.10.
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The next step of validation is done using EMTP load-flow tool for AC parts of the system and
EMTP steady-state results for its DC parts. Since Test_2 system is a grid-connected system, its
load-flow procedure in EMTP is straightforward. Similar to Test_1, we can consider the AC side
of interlinking converter (or VSC) buses as slack (or their equivalent PQ constraints calculated
based on equations (3.46) and (3.47)) with voltage magnitude and phase angles known from the
load-flow code programmed in MATLAB. The other AC buses (grid slack, PV, and PQ buses) are
considered as they are in EMTP (Figure 4.4). By running the load-flow in EMTP, the unknown

values for all the AC buses are calculated (Table 4.11).

For DC parts, DC loads are represented by resistances and DC DGs and DC sides of VSCs by DC
voltage sources. After running time-domain simulation of the system, the unknown values for DC
parts are determined based on the steady-state results (Table 4.11). By comparing load-flow results
obtained in MATLAB (Table 4.10) and results achieved by EMTP load-flow tool and steady-state
solution (Table 4.11), the accuracy of the generalized load-flow method for the grid-connected
AC/DC test system (Test_2) is verified.

Table 4.10 Generalized load-flow results of Test_2 system

Bus| BusType |V(p.u.)| 6(°) | Pqa(p-u.) | Qu (p-u.) | Py (p-u.)
1 AC, Slack 1.0500 | 0.0000 0.4921 0.1240 -

2 AC, Load 1.0126 |-2.0717 | -0.2000 -0.0400 -

3 AC, P-V 1.0000 |-2.4360 | 0.1000 0.0325 -

4 DC, Load 0.9974 - - - -0.1000
5 | DC, Voltage | 1.0000 - - - 0.1870
6 DC, Load 0.9937 - - - -0.1000
7 AC, Load 0.9456 | -6.6433 | -0.2500 -0.0500 -

8 AC, P-V 1.0000 |-2.9841 | 0.1500 0.0324 -

9 AC, Load 1.0043 | -2.6574 | -0.2500 -0.0500 -

10 | AC,VSC 0.9882 | -4.0539 | -0.0655 -0.0215 -

11 | AC,VSC 0.9917 | -3.5826 | -0.0466 -0.0153 -

12 | AC,VSC 0.9563 | -4.9660 | 0.0621 0.0204 -

13 | AC,VSC 0.9510 |-5.8077 | 0.0308 0.0101 -

f=60 Hz No. of iterations = 6
Mismatch = 4.7192 x 10~7 , Maximum mismatch = 10~
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Figure 4.4 13-bus grid-connected AC/DC system (Test_2) schematic in EMTP

Table 4.11 EMTP results of Test_2 system

Bus| BusType |V(p.u.)| 6(°) | Pa(p-u.) | Qu (p-u.) | Py (p-u.)
1 AC, Slack 1.0500 | 0.0000 0.4921 0.1240 -

2 AC, Load 1.0126 | -2.0717 | -0.2000 -0.0400 -

3 AC, P-V 1.0000 |-2.4360 | 0.1000 0.0325 -

4 DC, Load 0.9975 - - - -0.1000
5 | DC, Voltage | 1.0000 - - - 0.1853
6 DC, Load 0.9936 - - - -0.1000
7 AC, Load 0.9456 | -6.6433 | -0.2500 -0.0500 -

8 AC, P-V 1.0000 |-2.9841 | 0.1500 0.0327 -

9 AC, Load 1.0043 | -2.6574 | -0.2500 -0.0500 -

10 | AC,VSC 0.9882 | -4.0539 | -0.0655 -0.0215 -

11 | AC,VSC 0.9917 | -3.5826 | -0.0466 -0.0153 -

12 | AC,VSC 0.9563 | -4.9660 | 0.0621 0.0204 -

13 | AC,VSC 0.9510 |-5.8077| 0.0308 0.0101 -
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4.1.2.2 Validation of Generalized Islanded AC/DC Load-Flow

Similar to the grid-connected case study, in order to validate the accuracy of the generalized load-
flow method for islanded AC/DC systems, the results of a test system (case study done in [34])
must be verified against the EMTP load-flow tool for AC parts and steady-state solution for DC
parts of the system. The 10-bus islanded AC/DC system (Test_3) is shown in Figure 4.5 and its
parameters (impedances, DGs and converters, and loads) are presented in Table 4.12, Table 4.13,
and Table 4.14.

Test_3 system is selected from a modified version of IEEE 33-bus test system (which firstly
proposed in [120]) and the AC lines’ impedances are chosen from IEEE 33-bus system [34]. The
lines’ length is not stated in neither [34] and [120]. However, they are considered to be short lines

and like the previous cases, AC lines and DC lines are modeled as RL and R branches, respectively.

The base values (apparent power, AC and DC voltages) for p.u. conversion are Sy, = 10 MVA,

ac . = 12.66 kV, and VI, = 20.67 kV. The efficiency and power factor of converters are 1. =
95% and cos ¢, = 0.95 and modulation indices (M) of converters are presented in Figure 4.5.
Moreover, acceptable voltage and frequency range for the system are +5% and +1%, respectively.
Similar to Test_1 system, here also the injected active and reactive power for DGs and converters
are assumed to be zero, and these power can be determined using droop equations at the end of the
generalized load-flow algorithm for islanded AC/DC systems [34].

Table 4.12 Impedances of Test_3 system

From Bus | To Bus | Resistance (€2) | Inductance (£2)
1 2 0.5910 0.5260
2 3 1.4926 -

2 8 2.0000 2.0000
3 4 2.5780 -
4 5 1.4640 -
5 10 1.0000 -
6 7 0.5075 0.2585
7 8 0.9744 0.9630
8 9 0.3105 0.3619
9 10 0.3410 0.5302




Table 4.13 DGs and converter parameters of Test_3 system

Bus6 | 9, =04p.u,d, =4p.u.
AC DGs ac ac
Bus8 |9, =0.16p.u.,9, =2p.u.
Bus 3 9, = 1.333p.u.
DC DGs Pac e
Bus 4 Up,. =4 p-u
Bus2 | 9,c=4p.u.,9yc=25p.u.
Converter Bus10 | 9, =4p.u., g = 2.5p.u.

Table 4.14 Load data of Test_3 system

Bus | P3(kW) | Qi°(kW) | Pic(kw)
1 400 200 -
2 260 105 -
3 - - 60
4 - - 60
5 45 20 45
6 85 35 -
7 100 60 100
8 170 50 -
9 145 70 145
10 240 160 -

47
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The generalized AC/DC load-flow algorithm for the islanded 10-bus test system with
aforementioned parameters is programmed in MATLAB (Codes Package\Generalized LF\
10 — Bus Islanded\Test_3.m) using Newton method. As shown in Table 4.15,it is noted that
with the pre-defined maximum mismatch of 107, the algorithm has reached convergence after 53
iterations and with mismatch of 9.4102 x 10~7. Compared to previous grid-connected case
(Test_2), generalized load-flow solution for the Test_3 system needs to iterate more until it
converges. This could be due to the variation in the system’s frequency and its impact on

admittances and voltages.

Similar to the decoupled AC/DC load-flow method, in order to equalize the number of mismatch
equations and unknown variables in an isolated system (where the frequency is an unknown load-
flow variable), one of the AC buses (e.g. bus 8) is considered as a reference with known phase
angle (85 = 0°).
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Table 4.15 Generalized load-flow results of Test_3 system

Bus | BusType [V (p.u.) | 6(°) | Pac(p-u.) | Qu (p.-u.) | Py (p.u.)
1 | ACLoad | 0.9539 |-0.0884 | -0.0400 -0.0200 -
2 IC (AC) | 0.9561 |-0.0523 0.0152 0.0071 -
3 DC DG 0.9651 - - - 0.0202
4 DC DG 0.9643 - - - 0.0029
5 | DCLoad | 0.9638 - - - -0.0092
6 AC DG 0.9598 | -0.0290 0.0132 0.0065 -
7 | ACLoad | 0.9593 |-0.0293 | -0.0205 -0.0060 -
8 AC DG 0.9597 0 0.0373 0.0151 -
9 | ACLoad | 0.9593 |-0.0117 | -0.0298 -0.0070 -
10 | IC(AC) | 0.9598 | 0.0208 0.0115 0.0001 -
f=59.4785 Hz No. of iterations = 53
Mismatch =9.4102 x 10~7 , Maximum mismatch = 107

The validation procedure for the generalized load-flow method for islanded AC/DC systems is
similar to previous islanded test case (Test_1). For the AC parts of the system, EMTP load-flow
tool is employed in a similar manner for Test_1 system in which AC DGs are considered as PV
buses and AC sides of converters as slack buses with values obtained from the load-flow algorithm
programmed in MATLAB. Similar to Test_1 system, for DC parts, the steady-state results
obtained in EMTP can be compared with corresponding values calculated in the load-flow code.
The schematic of the Test_3 system in EMTP is shown in Figure 4.6. Table 4.16 presents the
EMTP results which includes both AC load-flow and DC steady-state solutions of Test_3. By
comparing the active and reactive powers of VSCs (buses 2 and 10) in Table 4.15 and Table 4.16,
it is noticed that they have different values in EMTP and MATLAB. The reason is that in
generalized method, the whole AC/DC system is modeled with unified approach and the
contribution of DC subgrid is considered in load-flow algorithm coded in MATLAB. However, in
EMTP it is assumed that the system is divided to two separate AC and DC systems and the slack
buses (VSCs) in EMTP must compensate the DC subgrid contribution and balance the active and

reactive powers in AC subgrid.

By comparing the results for all of the other buses in Table 4.15 and Table 4.16, the accuracy of
the generalized load-flow method for islanded AC/DC systems can be verified.



Table 4.16 EMTP results of Test_3 system

Bus | BusType [V (p.u.) | 6(°) | Pac(p-u.) | Qu (p.-u.) | Py (p.u.)
1 | ACLoad | 0.9539 |-0.0892| -0.0400 -0.0200 -
2 | IC(AC) | 09561 |-0.0523| 0.0230 0.0096 -
3 | DCDG | 0.9651 - - - 0.0204
4 | DCDG | 0.9643 - - - 0.0027
5 | DC Load | 0.9638 - - - -0.0092
6 | ACDG | 09598 |-0.0290 | 0.0132 0.0066 -
7 | ACLoad | 0.9593 |-0.0293 | -0.0205 -0.0060 -
8 | ACDG | 0.9597 | 0.0003 | 0.0373 0.0151 -
9 | ACLoad | 0.9593 |-0.0118 | -0.0298 -0.0070 -
10 | IC(AC) | 0.9598 | 0.0208 | 0.0169 0.0019 -
jf —: L
1o, —.— L
] wmas [ 5]

Bus5

Figure 4.6 10-bus islanded AC/DC system (Test_3) schematic in EMTP
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4.2 Comparison of Load-Flow Methods for Islanded AC/DC Systems

In this section, both decoupled and generalized AC/DC load-flow methods are applied on an

islanded AC/DC test system and they are compared in terms of performance.

4.2.1 Case Study

In order to compare the decoupled and generalized AC/DC load-flow methods, they must be
applied on one test case and with utilization of one solution method (e.g. Newton). Therefore, an
islanded 12-bus AC/DC system (Test_4) is chosen for this comparison (Figure 4.7). The
parameters of Test_4 system such as impedances, loads, DGs and converter are derived from test
systems mentioned in previous section and stated in Table 4.17, Table 4.18, and Table 4.19. The
base values (apparent power, AC and DC voltages) for p.u. conversion are S, ... = 10 MV A,

ac . =4.16 kV, and V<, = 6.8 kV. Moreover, the acceptable voltage and frequency range for
the system are +5% and 1%, respectively. This system comprises two 6-bus AC and DC
microgrids which are connected to each other via an interlinking converter. The efficiency, power
factor, and the modulation index of the converter are ., = 98%, cos ¢. = 0.95, and M = 0.991,

respectively.

— AC
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Load

—
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Converter

~
~

1l
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Figure 4.7 Islanded 12-bus AC/DC system (Test_4) for comparison of load-flow methods



Table 4.17 Impedances of Test_4 system

From Bus | To Bus | Resistance (£2) | Inductance ()
1 2 0.2218 0.3630
2 3 0.2218 0.3630
3 6 0.4435 0.7260
4 1 0.3105 0.3619
5 2 0.8870 1.4520
7 8 0.2208 -

8 9 0.4415 -
7 10 0.8830 -
9 12 0.8830 -
10 11 0.4415 -
11 12 0.2208 -
Table 4.18 Load data of Test_4 system
Bus | PI(MW) | Qi°(MVAr) | P{(MW)
3 0.4 0.2 -
4 0.4 0.2 -
7 - - 0.1
11 - - 0.1
12 - - 0.1

Table 4.19 DGs and converter droop parameters of Test_4 system

AC DGs 9

Pac

=0.16p.u., 9

dac

=2p.u.

DC DGs

V)

Pdc

= 1.333 p.u.

Converter (IC)

1916‘ =10 p-u., ﬁqlc = 4pu

52

The decoupled and generalized AC/DC load-flow algorithms are programed in MATLAB using

Newton method

(Codes Package\Comparison\Case study with Decoupled method\

Test. 4. D.m and Codes Package\Comparison\Case study with Generalized method\

Test_4_G.m) for the Test_4 system and their results are compared in Table 4.20 and Table 4.21.
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Table 4.20 Load-flow results of decoupled and generalized methods for Test_4 system (voltages)

Decoupled Generalized
Bus | Bus Type Method Method
Vipu)| 6C) |[V(pu)| 6()
1 AC DG 0.9667 0 0.9670 0
2 IC(AC) | 0.9693 | 0.1448 | 0.9697 | 0.1447
3 | ACLoad | 0.9656 | 0.0433 | 0.9659 | 0.0430
4 | ACLoad | 0.9548 |-0.2965 | 0.9551 |-0.2963
5 AC DG 0.9881 | 1.3063 | 0.9883 | 1.3042
6 AC DG 0.9774 | 0.5496 | 0.9776 | 0.5485
7 | DCLoad | 0.9786 - 0.9782 -
8 IC(DC) | 0.9789 - 0.9785 -
9 DC DG 0.9796 - 0.9792 -
10 | DCDG 0.9793 - 0.9789 -
11 | DCLoad | 0.9782 - 0.9777 -
12 | DCLoad | 0.9781 - 0.9776 -
Frequency (Hz) 59.7429 59.7438

Table 4.21 Load-flow results of decoupled and generalized methods for Test_4 system (powers)

Decoupled Generalized
Bus Method Method
Pye(p-uw) | Qoc (p-u.) | Pyc (p-u.) | Poc (p-w) | Qo (p-u.) | Py (p-u.)
1 0.0268 0.0167 - 0.0267 0.0165 -
2 -0.0007 0.0077 - -0.0003 0.0076 -
3 -0.0400 -0.0200 - -0.0400 -0.0200 -
4 -0.0400 -0.0200 - -0.0400 -0.0200 -
5 0.0268 0.0060 - 0.0267 0.0059 -
6 0.0268 0.0113 - 0.0267 0.0112 -
7 - - -0.0100 - -0.0100
8 - - 0.0007 - -0.0000
9 - - 0.0153 - 0.0156
10 - - 0.0155 - 0.0158
11 - - -0.0100 - -0.0100
12 - - -0.0100 - -0.0100
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It can be seen that the load-flow results (AC voltage magnitudes and phase angles, DC voltages,
frequency, and AC and DC powers) of two methods are almost equal to each other. The slight
differences are due to the different modeling approaches. For instance, in contrast with the
decoupled modeling approach, in unified approach, some extra parameters such as efficiency,

power factor, and modulation index are considered for the interlinking converter.

4.2.2 Performance Comparison

In 4.2.1, the load-flow results of both decoupled and generalized methods have been compared to
each other as shown in Table 4.20. In this section, their performances are compared to each other.
This includes the average required computational time for the computer with “Intel Core 17-7700
HQ @ 2.80 GHz CPU and 32 GB RAM” and the number of iterations needed for convergence of

load-flow algorithms.

Table 4.22 presents the performance parameters of decoupled and generalized load-flow methods
for the 12-bus AC/DC Test_4 system shown in Figure 4.7 and with the pre-defined maximum

mismatch of 10~°,.

Table 4.22 Performance comparison of decoupled and generalized load-flow methods

Decoupled | Generalized
Method Method

Number of Iterations 306 125
Avg. Computational Time (s) 0.189 0.298

It can be seen that for such a small islanded AC/DC system (12-bus), the number of iterations for
both load-flow methods are relatively high. This high number of iterations might result in
divergence for larger AC/DC systems. As mentioned in section 4.1.1, the reason could be the
variable frequency and its impact on admittances and voltages. The other reason could be the lower
X /R ratio in low- or medium-voltage. This might cause a larger number of iterations that Newton
load-flow algorithm required for convergence [117]. This idea is tested on Test_4 system by
increasing the inductances of its AC lines and running the load-flow algorithms. It is observed that
by increasing the AC line inductances the number of iterations required for convergence in
decoupled and generalized load-flow algorithm are reduced. In order to discover which parameters



55

are responsible for the large number of iterations, two tests have been accomplished for both load-

flow methods.

4.2.2.1 Iteration Tests for Decoupled Load-flow Method

First, by employing the final results of the load-flow problem, it is found out that even if all the
parameters except AC voltages are known, the number of iterations does not change. However, if
we consider that the AC voltages are known variables (using final values of AC voltages from
Table 4.20 in decoupled load-flow algorithm and not updating them in each iteration), the algorithm
solves the problem for other unknowns and it converges in only 10 iterations instead of 306. In
addition, the average computational time is reduced to “0.011 s” from “0.189 s”. This clearly

shows that large number of iterations is caused by AC voltages calculation in load-flow problem.

Second, the parameters are plotted with respect to the number of iterations to see their trends during
the iterations. As shown in Figure 4.8, it can also be seen that in contrast to DC voltages, frequency
and phase angles, the AC voltage magnitudes reach their final values quite slowly. This confirms
the outcome of first test which shows the link between large number of iterations and calculation
of AC voltages in decoupled AC/DC load-flow solution method.
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Figure 4.8: Decoupled load-flow parameters with respect to number of iterations
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4.2.2.2 lteration Tests for Generalized Load-flow Method

By performing the aforementioned tests on generalized load-flow algorithm, it can be seen that the
voltages are the reason for higher number of iterations in an islanded AC/DC system compared to a grid-
connected case. Since in this method AC and DC parts are modeled together as a unified system, both
AC and DC voltages must be considered as a unique vector and the test should be done with respect to
this assumption. In this case, it is found out that if the voltages are known variables (using final values
of voltages from Table 4.20 in generalized load-flow algorithm and not updating them in each iteration),
the load-flow problem converges after only 11 iterations instead of 125 iterations and the average
computational time of the algorithm reduced from “0.292 s” to “0.033 s”. This clearly indicates that the

reason for such a relatively large number of iterations is due to the calculation of voltages.

Moreover, as presented in Figure 4.9, it can be noticed that compared to the other parameters, voltages
(both AC and DC) require more iterations to reach their final values. This confirms the outcome of first
test which shows the link between large number of iterations and calculation of voltages in generalized
AC/DC load-flow solution method for islanded systems.
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Figure 4.9 Generalized load-flow parameters with respect to number of iterations
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4.3 Improvement of Load-Flow Algorithms for Islanded AC/DC

Systems

In this section, in order to improve the performance (i.e. accelerate the algorithm) of the decoupled and
generalized AC/DC load-flow algorithms, two improvement techniques are firstly introduced in 4.3.1
and then in 4.3.2 applied on the load-flow algorithms of the previous 12-bus system case study.

4.3.1 Load-Flow Performance Improvement Techniques

In order to accelerate the decoupled and generalized load-flow algorithms which are solved based on

Newton method, two improvement techniques can be employed.

The first technique is to utilize the steady-state results of the simplified system instead of the flat start
(V©® =1.0p.u. and §©© = 0.0°) approach as initial values for the load-flow algorithm. To find the
steady-state solution for a simplified system, it should be assumed that the DG and IC buses have voltage
magnitudes of V = 1.0 p.u. and phase angles of § = 0.0°. By simulating this simplified version of the
AC/DC system in a time-domain simulation tool such as EMTP, the steady-state results (voltage
magnitudes and phase angles) for load buses can be utilized as load-flow initial values for those buses.
Since these initial values are closer to final load-flow results, the steady-state initialization would
accelerate the load-flow algorithm and reduce the number of iterations required for its convergence.

However, the time required to find the steady-state solution of the simplified system must be considered.

The other technique to accelerate the algorithms and reduce the number of iterations is to utilize
percentage (or p.u.) tolerance or mismatch [121]. In this approach, the mismatch value at each iteration
is determined in a different way. In conventional Newton method, the updating vector and updating

equation are:

Ax®) = _]—1(k)f(x(k)) (4.2)

KD — () 4 Ay () (4.2)

Where,”k” is number of iterations, f(x) is the vector of mismatch equations at k" iteration, J is

the Jacobian matrix, and x® is the vector of unknown values at “kt"” iteration. The mismatch in each

iteration is determined as the maximum value of |£(x®)| or maximum value of |Ax®|. The algorithm
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continues to iterate until the mismatch value is smaller than a pre-defined value (tolerance or maximum

mismatch g):

max(|Ax®|) < e (4.3)
If the percentage tolerance is considered, in order to check the convergence criteria, the mismatch in
each iteration is calculated by dividing updating vector over unknown variable vector as follows [121]:

|Ax®)| (4.4)
max| ———— | < ¢

|x(k+1)|

In this case, larger pre-defined tolerance can be used which leads to faster convergence of the load-flow
algorithm with lower number of iterations. For instance, if the tolerance is equal to 10~® with normal
mismatch calculation, in case of percentage mismatch calculation, the tolerance could be increased to
10~* or 103 without having any impact on the accuracy of load-flow results and the algorithm

converges faster within lower number of iterations.

4.3.2 Improvement of Load-flow Algorithms

To verify the effectiveness of mentioned improvement techniques, they are applied into decoupled and
generalized load-flow algorithms and the obtained results for the Test_4 system (Figure 4.7) are

compared to ones stated in Table 4.22.

By employing the steady-state initialization technique in both decoupled and generalized load-flow
algorithms for Test_4 system, it can be seen that it does not have a considerable impact on generalized
method and it has only a negligible impact on decoupled method as it reduces the number of iterations
from 306 to 294, and the average computational time from 0.189 s to 0.178 s. As expected, this
technique does not affect the accuracy of algorithms as the load-flow results obtained after applying this
technique are completely equal to ones stated in Table 4.20. The impact of applying steady-state

initialization technique on load-flow performances are shown in Table 4.23.

Table 4.23 Impact of steady-state initialization on performance of load-flow methods

Decoupled | Generalized
Method Method

Number of Iterations 294 125
Avg. Computational Time (s) 0.178 0.292
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However, the percentage tolerance technique has more impact on performance of both load-flow
methods. Table 4.24 presents the number of iterations and the average computational time required for
both load-flow methods to converge by using percentage tolerance calculation and with pre-defined
maximum mismatch of 10~* for the Test_4 system shown in Figure 4.7. It can be seen that using the
percentage tolerance in the load-flow algorithms can result in significant decrease in number of iterations
and computational time without having a considerable impact on load-flow results. For decoupled
method, the number of iterations is almost halved, (reduced from 306 to 151) and the average
computational time is decreased from 0.178 s to 0.094 s. For generalized method, the number of
iterations and the average computational time are reduced from 125 to 86, and 0.298 s to 0.210 s,
respectively. The accuracy analysis is also performed for percentage tolerance calculation by comparing
the load-flow results using this technique with the results using normal tolerance calculation shown in
Table 4.20. As indicated by Table 4.25, it is noticed that using percentage tolerance technique with
maximum pre-defined mismatch of 10~ instead of 10~ for normal tolerance calculation, does not have

a considerable impact on accuracy of both load-flow results.

Finally, it is also possible to apply both improvement techniques at the same time for the decoupled and
generalized load-flow methods. This is done by using the steady-state initialization results as the initial
value for the load-flow algorithms, in addition to calculating the mismatch by percentage tolerance
approach. However, as expected, the results do not have much difference with the previous approach
(percentage tolerance) as the steady-state initialization does not have a significant impact on the
performance of the load-flow algorithms (as shown in Table 4.23). Table 4.26 summarizes the impact of
applying both improvement techniques on decoupled and generalized load-flow algorithms for Test_4
system. As mentioned before, steady-state initialization technique does not affect the accuracy of the
algorithms. Hence, the load-flow results after applying both improvement techniques are completely
identical to results when only percentage tolerance technique is applied (Table 4.25).

Table 4.24 Impact of percentage tolerance calculation on performance of load-flow methods

Decoupled | Generalized
Method Method

Number of Iterations 151 86
Avg. Computational Time (s) 0.094 0.210
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Table 4.25 Comparison of load-flow results for Test_4 system with and without using percentage

tolerance calculation technique

Decoupled Method Generalized Method
BUS Normal Percentage Normal Percentage
Tolerance Tolerance Tolerance Tolerance
Vipu) 6 |V(puw) 6(° Vipu)l 6 |V(pu) 6(°
1 0.9667 0 0.9670 0 0.9670 0 0.9670 0
2 0.9693 | 0.1448 | 0.9696 0.1449 | 0.9697 | 0.1447 | 0.9697 | 0.1448
3 0.9656 | 0.0433 | 0.9659 0.0434 | 0.9659 | 0.0430 | 0.9659 | 0.0430
4 0.9548 | -0.2965 | 0.9551 | -0.2969 | 0.9551 | -0.2963 | 0.9551 | -0.2963
5 0.9881 | 1.3063 | 0.9883 1.3085 | 0.9883 | 1.3042 | 0.9883 1.3035
6 0.9774 | 0.5496 | 0.9776 0.5509 | 0.9776 | 0.5485 | 0.9777 | 0.5481
7 0.9786 - 0.9786 - 0.9782 - 0.9782 -
8 0.9789 - 0.9789 - 0.9785 - 0.9785 -
9 0.9796 - 0.9796 - 0.9792 - 0.9792 -
10 0.9793 - 0.9793 - 0.9789 - 0.9789 -
11 0.9782 - 0.9782 - 0.9777 - 0.9778 -
12 0.9781 - 0.9781 - 0.9776 - 0.9777 -
f (Hz) 59.7429 59.7429 59.7438 59.7439

Table 4.26 Impact of both improvement techniques on performance of load-flow methods

Decoupled | Generalized
Method Method
Number of Iterations 138 85
Avg. Computational Time (s) 0.085 0.207

Based on the results stated in Table 4.23, Table 4.24, and Table 4.26, it can be concluded that both

improvement techniques can enhance the performance of decoupled and generalized load-flow

algorithms. However, percentage tolerance technique is simpler to implement as it does not require

additional calculation like steady-state initialization. It is also more effective than steady-state

initialization on performance of load-flow algorithms as it results in faster convergence with lower

number of iterations. This reduces the risk of divergence in load-flow solution of larger systems.

Nevertheless, the number of iterations in both load-flow algorithms is still quite large for such a

small islanded AC/DC system and this might result in divergence for larger systems.
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CHAPTER 5 CONCLUSION

In this chapter, at first, a summary of the research accomplished in this thesis is presented.

Furthermore, recommendations for future research work are highlighted.

5.1 Summary

AC/DC distribution systems offer several advantages such as loss reduction compared to
conventional AC distribution systems. In order to make them operational, several power systems
studies must be performed, among which load-flow is the most fundamental one. The primary
objective of this thesis is to comprehensively review the load-flow methods for AC/DC power
systems especially at distribution level. This includes AC/DC system modeling approaches,
solution procedures utilized for load-flow analysis, and the performance of AC/DC load-flow
methods proposed in the literature. Moreover, the effectiveness and the accuracy of two recently
proposed load-flow methods for AC/DC distribution systems operating in grid-connected and
islanded modes are validated by comparing their results with steady-state results obtained by a
time-domain simulation software (EMTP). Afterwards, the selected AC/DC load-flow methods are
compared to each other in terms of their algorithm performances (number of iterations required to
reach convergence and average computational time needed for each algorithm to solve the load-
flow problem) by applying them on an islanded test AC/DC system. Finally, in order to enhance
their efficiency (reducing number of iterations and average computational time) two improvement
techniques (steady-state initialization of system and calculating the mismatch in each iteration
using percentage tolerance method) are introduced and applied. Although these techniques can
improve the efficiency of selected load-flow methods for islanded systems, but this improvement
is still not completely sufficient as the number of iterations required for algorithms’ convergence
is still quite large compared to one for grid-connected systems. Therefore, this issue must be

addressed in future research work.

5.2 Directions for Future Work

As mentioned above, despite applying two improvement techniques, there is still lack of efficiency
(a large number of iterations required for convergence) in both decoupled and generalized AC/DC
load-flow methods when utilized for islanded systems. Furthermore, these load-flow methods are
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only applicable for balanced AC/DC systems with limited types of components. For instance, only
AC/DC converters are considered in theses load-flow methods and other types such as DC/DC
converters are not taken into account. Moreover, as stated in 3.1.1.3, several control modes such
as constant active or reactive powers, and constant AC or DC voltages can be included in modeling
of AC/DC converters for load-flow analysis. However, they are not included in decoupled and
generalized load-flow methods. To the best of the author knowledge, there is still no AC/DC load-
flow method proposed in the literature which is applicable to be utilized for any types of AC/DC
systems (grid-connected and islanded) without the above-mentioned limitations. An appropriate
example for such comprehensive load-flow method is MANA which now is only utilized for AC
systems. But, as a multi-phase load-flow method which can include any types of components’
equations, MANA has the potential to be expanded for any types of AC/DC systems with any types
of power converters. In addition, by using MANA load-flow solution a precise time-domain
initialization can be provided in EMTP [10]. Therefore, the following tasks are suggested for future

load-flow methods of AC/DC distribution systems:

e Comprehensive modeling of AC/DC distribution systems (grid-connected or islanded)
including converters with different control modes, and various AC and DC DGs and loads

for load-flow analysis.

e Expanding MANA AC load-flow approach to formulate a generic multi-phase AC/DC
load-flow method which considers unbalances in the system as well as the aforementioned

constraints.
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APPENDIX A JACOBIAN MATRIX’S ELEMENTS IN DECOUPLED
LOAD-FLOW METHOD

The Jacobian matrix’s (equation (3.62)) elements of the decoupled load-flow method are stated in
this appendix [37]. They are partial derivative of power mismatch equations (3.58)-(3-60) with
respect to the unknown variables (AC bus voltage magnitude (V,.) and phase angle (§), DC bus

voltage (V,.), and the frequency of system (w)). Subscripts “i” and *“j” are used for AC buses, “m’

and “[” for DC buses, and “c” for interlinking converter buses.
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APPENDIX B POWER BALANCE EQUATIONS IN GENERALIZED
LOAD-FLOW METHOD

The equations for injected and calculated active and reactive powers at bus “i” (equations (3.64)

and (3.65)) in generalized load-flow method are presented as follows [34]:
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