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Abstract: With increased direct current (DC) load density and the penetration of a large number of
distributed generation (DG) units in alternating current (AC) distribution networks (DNs); a planning
approach that considers transforming some of the AC lines into DC lines and building the DC
network is proposed. Considering the DG output uncertainty and the load fluctuation, a planning
model for an AC/DC hybrid distribution network (DN) with the DG based on the construction of
multi-scenario technology with timing characteristics is built. In the DG configuration planning
model, the lines to be transformed into DC form the access location and the decision regarding the
DC or AC form of the newly built lines are considered optimizing variables. The DG investment,
the network and converters of the DG and load, the active power loss and the voltage stability are
considered in the objective functions. An improved adaptive niche genetic algorithm based on the
fuzzy degree of membership and variance weighting is used to solve the nested model. Finally,
considering the improved electrical and electronic engineers 33 (IEEE33) node system as an example,
the correctness and effectiveness of the proposed planning method are verified. Compared to the plan
without transforming some of the AC lines into DC lines and building a DC network, more DG can
be admitted, and the economic cost of the AC/DC hybrid DN is notably decreased when planning to
transform some of the AC lines into DC lines and build a DC network. The active power network
loss and the voltage stability index are similarly further optimized.

Keywords: distributed generation (DG); timing characteristics; multi-scenario technology; the planning
of an alternating/direct current (AC/DC) hybrid distribution network (DN); improved adaptive
niche genetic algorithm

1. Introduction

Recently, continuous economic development and the acceleration of urban construction have
spurred growth in social electricity consumption, and the demand for power quality is increasing
notably [1]. As the transition part of the power generation, transmission link and power consumption
link, the distribution network (DN) faces the user directly and carries the main load. Whether its
configuration and structure are reasonable or not directly affects the supply quality of the electricity.
For the existing alternating current (AC) DN, the network capacity is limited, the equipment utilization
rate is low, and an increasing electrical demand cannot be satisfied. Therefore, research planning of
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grid expansion and the DN transformation has recently been considered. Considering the increased
energy consumption crisis and environmental pollution problems, large-scale distributed generation
(DG) has an advantage over AC DN because of its clean and non-polluting characteristics [2,3].
However, a large number of grid-connected DG units results in an increased investment cost and
a loss in the DN active power, and it is not conducive for the stable economic operation of the DN.
With economic development, the proportion of the direct current (DC) load in the DN gradually
increases. According to the statistics, the amount of DC power consumption in China is 20—40%,
with the metal electrolysis industry consuming up to 90%. Additionally, the industrial and commercial
electrical consumption, due to the charging and discharging of electric vehicles, household electrical
appliances, lights, office equipment, elevators and air conditioning, has increased significantly.
Moreover, with the flexible DC technology development, the focus has been on the DC DN due
to its low network loss, good power quality and general acceptance of DG [4-6]. Therefore, with the
multi-terminal flexible DC technology development, which is the driving force, the AC/DC hybrid
DN planning has become the hot spot of the current DN planning research.

Presently, planning for DC hybrid DN planning is still in the theoretical research stage, but for
the DC DN, some research on the initial design and the energy optimization management has been
performed by domestic and foreign scholars. Previous studies [4,5] have analysed the properties and
characteristics of the DC DN and suggested a basic topology, the technical problems, including its
control, protection and architecture have been summarized, and its potential advantages over AC
DN highlighted. In [6], the applicability of the DC DN in China is analysed, the basic architecture is
proposed, and a feasibility analysis is carried out. The potential application benefits of a low voltage
DC DN has also been analysed in [7]. The capacity of the network is calculated by considering the
voltage drop and the line capacity as the constraints, and at the same time, considering the loss of
the electric energy consumption, the potential advantage of DC DN is proved. In [8], the research is
focused on exploring the DC DN converter, and the topological structure of the DC DN is proposed,
which is suitable for offshore power generation. In [9-17], energy management and the control
strategy of the DC DN have been studied. Among these studies, In [9] the power management
strategies and converter control and the impact of the energy storage system (ESS) size for electric
vehicles (EVs) by providing renewable power charging services was analysed. The DC microgrid
structure and the charging station power control strategy also involve an ESS (a battery of variable
size and supercapacitor) and are provided. Thus, the viability of providing renewable power charging
services for electric vehicles at railway station parking lots for commuters during the day is further
demonstrated. In [10], the basic control strategies of each unit of the household DC microgrid system
including photovoltaic power generation, battery storage and household load are put forward, and a
family microgrid energy scheduling strategy based on microgrid technology is proposed. In [11], a DC
microgrid hierarchical control architecture is proposed, which is a 3-layer control structure consisting
of a converter control layer, bus control layer and dispatching management layer. This can ensure
that the DC bus voltage will smoothly transfer between the different levels. A voltage hierarchical
coordinated control strategy based on the hybrid ESS for regulating the DC line voltage is proposed by
introducing the hybrid ESS into the DC microgrid system in [12]. In [13], a distributed control method
based on the AC/DC/distributed storage (DS) three port power exchange is proposed, and through
the power exchange control of the AC/DC network and the power management between the networks,
the hybrid microgrid can be operated stably. In [14], a hierarchical coordinated control strategy for the
DC microgrid considering the time-of-use price is proposed, which combines the remaining charge
and discharge power of the energy storage unit and the electrical grid price and adopts the strategies
of a low purchase price and a high sale price of electricity to reduce the operating cost of the system.
In [15], the DC microgrid optimization and dispatching model, including the photovoltaic power
generation system and a biofuel generator, is constructed. In [16], the DC distribution system is applied
in practice, and a unique DC transformer-enabled DC microgrid architecture, which is proposed to
manage the distributed energy sources and storage at any stage, is presented. In [17], the inverter
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regulation technology is analysed, and the grid’s optimal schedule is achieved by optimizing the
inverter control mode.

For planning the AC/DC hybrid DN, [18] provides the coordination strategies among the power
converters of the AC/DC hybrid DN under the condition of the grid-connected and islanding operation
mode, and stable operation under different operating conditions is achieved while the power output
of the distributed power generation system is maximised. In [19], a new stochastic programming
model of the AC/DC hybrid power distribution system is presented, and the optimal AC/DC hybrid
configuration is obtained through the Monte Carlo simulation, which is used to manage the possibility
of each AC line and DC line. In [20], based on the microgrid scheme, the hybrid microgrid planning
model aims to establish the minimal total planning cost of the microgrid. In [21], the available transfer
capability (ATC) mathematical model of the AC/DC hybrid DN is established by combining the
Monte Carlo simulation and the bootstrap method, and the available transmission capacity of the
AC/DC hybrid DN is evaluated. In [22], the dynamic interaction of the AC/DC hybrid distribution
systems is analysed, which proves that the close adjustment of the converter can bring a negative
influence to the DC lines and affect the system’s stability. The influence is also evaluated, and a set
of mitigation strategies are put forward. The smart AC/DC system with wind power generation
and a controllable load is analysed, and a specific control strategy is adopted to keep the DC voltage
within an acceptable range in [23]. In [24], a hybrid AC/DC power supply network model is proposed.
Considering access of the photovoltaic (PV) for DN, the energy-saving residential model can be
constructed, which achieves elimination of the redundant power conversion phase and reduction of
the harmonic loss. An AC/DC hybrid microgrid architecture is established in [25], the optimization
model and control mode are proposed at the system level and the equipment level, respectively, and the
system optimization is realized.

In current DC technology research, most studies focus on the large capacity, high voltage and
other aspects to analyse the theory and practice of the flexible high voltage direct current (HVDC)
technology, with less involvement in the field of AC DN. Moreover, for the current planning of the
AC/DC hybrid DN, current studies have concentrated on the AC/DC microgrid level or performed
work based on the envisioned framework for the control strategy or optimal operation, rather than
considering the accessing of the DG and the volatility of the DN load, which carries out separate
planning for only the AC/DC hybrid DN. Wind power and photovoltaics are currently the most
widely used DG, and their output tends to exhibit intermittency and randomness. Moreover, the DN
load is affected by the random behaviour of users, which also has a certain degree of uncertainty.
Additionally, the difference in the type, capacity and grid-connected position of the DG will make the
original lattice structure and operation mode of the DN change substantially; thus, the uncertainty of
the DN planning and operation increases [26,27].

Numerous scholars have performed uncertainty modelling of the wind power, photovoltaics and
load fluctuation in the DC/AC hybrid DN. In [28], through the innovative general analytical technique
(GAT) that manages the stochastic time series of the node, an improved combined probabilistic model
of the PV generation and the EV charging load at home and in parking lots is established, and the
uncertainties of the PV generation and the EV charging load are more accurately assessed due to an
extended time frame in the radial distribution systems (RDSs). In [29], the probabilistic models of the
uncertainties of the PV and load are modelled, and a stochastic assessment method is proposed to
account for any random combination of the single-phase photovoltaic system (SPPVS) in a typical
secondary radial DN. In [30], the uncertainties of the DG output, load fluctuation and electricity price
fluctuation in the electricity market environment are regarded as random variables that obey normal
distribution, and the Monte Carlo simulation is also carried out. The multi-state model of the DN is
established based on the multi-scenario analysis that is carried out by the probability distribution of
variables in [31]. In [32], considering the uncertainties of the DG and load, the proposed analytical
technique (PAT) involved the calculation of cumulants, and the linearization of load-flow equations,
along with the application of the cumulant method and Cornish-Fisher expansion, is carried out;
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the application of the PAT in a Spanish RDS with biomass-fueled gas engines (BFGEs) and EVs
confirmed the feasibility of the proposal and its additional benefits. In [33], the DG output and
load fluctuation are regarded as the triangular fuzzy variables, and the optimal configuration model
of the DG is established. In [34], the controllable DG output and load fluctuation are regarded as
fuzzy variables, and the intermittent DG output is regarded as a random variable. Then, the fuzzy
and stochastic method is used to describe its uncertainty factor. For the stochastic planning based
on the probability distribution simulation, the probability distributions that are commonly used
often have some limitations. The precise probability distribution fit requires a lot of historical data
and is difficult to determine. For the stochastic planning based on the fuzzy membership function,
the selection of membership functions, which have a strong subjectivity, often affects the precision
of the decision making. Therefore, taking the DG output and that the load fluctuation has a certain
regularity into account, there are numerous influential factors including the environment, climate and
so on. A typical daily simulation method based on the timing characteristics analysis is proposed
in some studies. In [35,36], the timing types are divided by seasons and weather, and the timing
characteristics of the DG output and load fluctuation in the DN are analysed based on the represented
typical daily sequences. In [37,38], for the intermittence and volatility of the DG, the multi-time scale
dynamic optimal scheduling of an active DN is analysed based on the model predictive control theory.
For the uncertainty of the DG output and load fluctuation in an active DN, the optimal scheduling
method based on multi-scenario technology is proposed in [39]. In [40], an optimization scheduling
framework for the active DN based on multi-scenario technology is proposed, and the multi-operation
scenarios in the optimized scheduling period are generated based on situational awareness. In Ref. [41],
the wind power output, load fluctuation and electrical price are divided into several scenarios, and a
multi-objective DN planning model is established with the objectives of obtaining the lowest total cost
and minimum technical risk. In [42], the multi-stage planning problem with the DG reactive power
constraints is studied based on the multi-scenario technology. Compared to a single typical daily curve
simulation, the obtained multi-scenario set based on the clustering method with timing characteristics
can enhance the volatility based on the trend in the overall reaction change. Thus, the uncertainty of
the DG output and load fluctuation can be better reflected.

When planning the AC DN with the DG, to give full attention to its positive role in the DN,
the type of power supply, grid-connected capacity and grid-connected location of the DG should
be reasonably configured. For separate planning of the DG, [43] considers the DG access to the
distribution system, and the multivariate independent hybrid power generation system is planned
to minimize the carbon emissions and economic cost of the system. Considering the market factors,
the DG options for the main electrical market body are discussed in [44], and a market-oriented DG
addressing the planning model is established. The two-stage robust optimization model is applied
in [45], and the multi-stage and multi-regional uncertainty set of the load and DG output during
the planning year level is established. For the coordination planning of the DG and network frame,
in [46], a comprehensive DG distribution planning method based on the voltage stability index and
improvements in loss minimization is proposed. Aiming at the uncertainty of the load fluctuation and
DG output in the DN, the coordination planning model of the DG and network frame considering the
opportunity constraint planning is established in [47]. In [48], the DG multi-objective optimization
planning technology for the DN is introduced, and a planning method based on a DG configuration
expansion that is based on the distributed grid expansion is proposed. In [49], the double-layer
planning model of the DG and network frame is established. The upper and lower objectives are
the minimum total cost and the minimum output resection of the DG, respectively, and the active
participation of the DG in the optimized operation can be realized.

Presently, planning for access of DG to the AC DN is relatively mature. However, there are few
studies on the ability of DG to access the AC/DC hybrid DN, and most of the studies are carried out at
the theoretical level or simply study and explore its control strategy and the optimal operation of the
AC/DC hybrid DN; therefore, the uncertainty of the DG output and the load fluctuation are seldom
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considered. Moreover, the uncertainty evaluation method of the DG and the AC/DC hybrid DN load
fluctuation mostly focuses on a probability distribution function simulation or fuzzy membership
function and does not strongly consider the typical daily simulation based on the timing characteristic
analysis, which neglects the use of environmental factors to optimize the uncertainty modelling of
the varied DG and load fluctuation. Therefore, based on the aforementioned discussions, a functional
nonparametric regression model is established, the timing characteristics of all the uncertain elements
are analysed, and the multi-scenario technology with the typical timing types with the improved
fuzzy C-means (FCM) clustering algorithm is constructed. Then, a planning approach to transform
part of the AC lines into DC lines and build a DC network is proposed. The AC network will be
partially modified and built into the DC network, which can form the AC/DC hybrid DN. Thus,
a planning model for the AC/DC hybrid DN with DG based on the construction of multi-scenario
technology with timing characteristics is built. In the planning model, the DG configuration, the lines
to be transformed into the DC form, the access location and the decision between the DC or AC form
of the newly built lines are considered as optimizing variables. Additionally, the investment of the DG,
network, converters of the DG and load, and the active power loss and voltage stability are considered
in the objective functions, and the interaction of the coordinated planning of the DG access and the
network frame can be obtained. Meanwhile, an improved adaptive niche genetic algorithm based on
the fuzzy degree of membership and variance weighting is used to solve the nested model. Finally,
taking the improved institute of electrical and electronic engineers 33 (IEEE33) node system as an
example, the DG acceptance capacity, annual economic cost, annual active network loss and annual
average voltage stability index are compared before and after the DC line transformation and new
construction of the grid, and the correctness and effectiveness of the proposed planning method in this
paper are verified.

2. The Construction of a Multi-Scenario with Timing Characteristics Considering the DG Output
and Load Fluctuation

2.1. Analysis of the Timing Characteristics of the DG Output and Load Fluctuation

Taking into account the uncertainty of the DG output and load fluctuation, the model for each
uncertain unit can be obtained. The wind power output mainly depends on the wind speed, and the
change in wind speed is affected by natural environmental factors. Assuming that the probability
model of the wind speed obeys the two-parameter (Weibull) distribution [50], and the probability
distribution function is as follows:

F(v) =1—exp [—(v/c)k} 1)

where v is the wind speed at the hub of fan impeller and k and c represent the shape parameter and the
scale parameter, respectively.

The relationship between the fan output and wind speed can be approximated by the following
piecewise function:

C C
0 c Ogvgvin'vzvout
0—U:
Pwre = § Pwrg o . V5, <0 < Upgted )
Pwry Urated < U < Ufmt

where Pyrg and Py, are the output power and the rated capacity of the fan, respectively, and v,
Upated and vy represent the cut in wind speed, the rated wind speed and the cut out wind speed,
respectively.
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The photovoltaic output is mainly affected by the illumination intensity, which depends on
the seasonal variation and the changing weather. The illumination intensity usually obeys beta
distribution [51], and its probability density function is as follows:

f(I)—m(I;)M(PI;X)ﬁl )

where [ is the actual illumination intensity, Imax represents the maximum illumination intensity, « and
B represent the shape parameters of the beta distribution, and I' is the gamma function.

The relationship between the photovoltaic output and illumination intensity can be approximated
by the following piecewise function:

(4)

where Ppyc and Ppy; are the output power and the rated capacity of the photovoltaic, respectively.

The load fluctuation is easily affected by meteorological factors including the temperature,
sunlight, humidity, rainfall, wind speed and wind direction, and these meteorological factors show
different change patterns with the changing season. Additionally, the load fluctuation shows different
trends with different days such as weekdays, Saturdays and holidays. Assuming that the load obeys a
normal distribution [50], its probability density function is as follows:

2
f(PL) = ———exp <—(PL_"L)> 5)

V2moy 2012

where P is the actual load, yj represents the expected value of the load, and oy is the standard
deviation of the load.

Based on the above model for each uncertain unit, on the annual sequence section, the wind
power and photovoltaic output can be divided into four typical timing situations according to the
differences among the seasons. For the load fluctuation, three types of dates are further classified for
each season, and 12 typical timing situations can be obtained. To obtain four typical day curves of the
wind power, photovoltaic output and load fluctuation based on a large amount of historical data on
the wind power, photovoltaic output and load, a functional nonparametric regression model has been
introduced in a previous study [52].

The wind power, photovoltaic output and daily load fluctuation of the electric power system
essentially have functional characteristics, and the recorded daily load curves of these factors are
functional types of data. The observed values from time ¢ = 0 to ¢ = nT are a continuous time series
{Z(t), t € [0,nT]}. Based on the theory of functional data analysis, it can be transformed into a discrete
functional time series {Sq, S, ... , Sy}, and among them, S; = {S;(t1), S;(t2), - .. , Si(tp)}.

If onelets {(X;, Y;),i=1,2,...,n} be the data pairs on the space FxR, then the functional regression
model is established by (X;, Y;), which is as follows:

Yi:r(Xl-)+si,i:1,2,...,n (6)

where the explanatory variable X; is a function-type variable, the response variable Y; represents a
real variable, the unknown function r is a regression function or a conditional mean function, and the
error term g; is real random variable, which meets the condition E(¢; | X;) = (0;), and among them,
E(+) represents the expectation.

The key problem for the functional regression model is to estimate the regression function r
by the known data. Therefore, based on the nonparametric kernel density estimation technique,
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the Nadaraya-Waston (N-W) kernel estimation method is used to estimate the functional type
regression parameter r, and its estimation equation of the regression function is as follows:

K(h~'D(x,X;))Y;

(x) = @)
K(h~1D(x, X;))

It

Trg=

1

where K(+) represents the kernel function that chooses the Gauss kernel function, & is the bandwidth
that represents the effect of the kernel function near the sample point, and D(+) is a semi metric that
measures the degree of approximation between 2 function-type samples.

2.2. Multi-Scenario Construction Based on Time-Phasing and Hybrid Clustering

With the typical timing characteristics, although the typical daily curve can reflect the changing
trend and a range of uncertainty, the fluctuation of each uncertainty unit is inevitably reduced.
Therefore, based on the time-phasing of the DG output and load fluctuation, the improved FCM
clustering algorithm is introduced. The clustering centres are obtained by clustering a large number of
historical data, and the number of the clustering centres is the number of multi-scenarios constructed
by the wind power, photovoltaic output and load fluctuation. Moreover, its probability indicates the
occurrence possibility of the scenario.

For the traditional FCM clustering algorithm [53], in the absence of a class label given in advance,
the largest degree of membership sample will be divided into one category through the iterative
mode based on the objective functions. There is a certain blindness due to the human-made initial
cluster centre and the total number of clusters. Therefore, the fast hill-climbing function method is
introduced to determine the initial clustering centre and the number of clusters, which overcomes the
subjectivity of the class number, avoids traps into the local minimum values and obtains an improved
FCM clustering algorithm. The clustering process is as follows:

(1) Initialize the degree of membership matrix U, introduce the fast climbing function method [54],
and determine the number of initial clustering c and the initial clustering centre v;;

a. Define the pan type of the hill-climbing function:
L 2
M(v;) = Y eIl 8)
j=1

where « is a positive number that represents the effect for value M that is decided by the
distance form of v;. The larger the value is, the more concentrated the data is, the finer
the classification is, and the larger the M value is. Therefore, the clustering centre can be
selected with a larger M value.

b.  Select the sample sequentially, determine the tth hill-climbing function, and obtain the

A max
maximum value of each hill-climbing function M; and its corresponding load sample
value x;":
A A Amax g )
Mt(xp) = M;_1 (xp) — Mtfl Ze—,BHX/—UFIH )
j=1

A A A X
where M;(xp) is the tth hill-climbing function. M;_i(xp) and M, ; are the t — 1th

hill-climbing function and its maximum value, respectively.
A max A max

C. Repeat step b until satisfying the convergence condition M; /M; < 4, where §
is the convergence coefficient of the classification, which is a small positive number.



Energies 2017, 10, 2137 8 of 29

The clustering number c is the total number of clustering iterations before the convergence
is finished, and the initial clustering centre v; is the maximum sample value x; of the
hill-climbing function in each clustering process.

(2) Determine the weighting index w, which determines the fuzzy degree of the final clustering effect

as follows: 3 (a1 V)

where [,(U,V) represents the objective function; that is, the distance weighted sum of squares of
each sample to all clustering centres is defined as

Jw(U, V) ZZul]Hx] vil|? (11)

j=1li=1

where v; is the ith vector of the clustering centre and u;; is the degree of membership of the jth
sample for the ith clustering centre.
(3) Update the clustering centre and the degree of membership matrix as follows:

=Y (12)

2 -1
i = l (=)™ ];K“C’K“”

wherex; (i=1,2,3,...,c) is the set of ith load classification.

(4) Use Equation (9) to calculate the objective functions.

(5) Determine whether the iteration error of the two iterations of the objective function AJ,(U,V)
is less than the given positive number ¢, and if it is not satisfied, return to step 3. Otherwise,
the clustering process ends.

In the typical timing situation based on the time-phasing, the clustering centres obtained by
clustering a large number of historical data are the multi-scenario under this typical timing situation.
Assuming that the number of the obtained clustering centres is k and the number of the objects
contained in each cluster is n1, np, ... , 15, ... , 1y, the probability of the sth scenario is as follows:

k
pPs = ns/z 03 (13)

i=1

For a typical timing situation /, if the number of scenarios for the wind power, photovoltaic
output and load are N{,VT, Nk, and NI, respectively, the total number of scenarios in the typical
timing situation is N; = N{,VTN IIDVNIL. Similarly, the construction of the multi-scenario with timing
characteristics can be obtained.

3. The Power Flow Calculation of the AC/DC Hybrid Distribution Network with VSC-MTDC

The current AC/DC hybrid DN is mostly based on voltage source converter-multi terminal direct
current (VSC-MTDC) technology, and there may be multiple AC and DC regional areas that contain
one or more branches. Therefore, the power flow calculation of the AC/DC hybrid DN based on
VSC-MTDC technology by using the improved forward backward sweep power flow calculation
method is introduced.
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3.1. The Power Flow Calculation with VSC-MTDC

For the AC/DC hybrid DN with VSC-MTDC, the steady state model [55] of VSC-MTDC is shown
in Figure 1.

Direct Ua La Ue Se Us Sy Alternating
Z. Uy Zy

current Converter — current

system B, system

Figure 1. The steady state model of voltage source converter-multi terminal direct current (VSC-MTDC).

In Figure 1, Uy and I; are the terminal voltage and the outflow current of the DC system,
respectively. Setting the outflow active power of the DC system to P; through the converter, the output
voltage of the voltage source converter (VSC) is U, < 0., the power is 5. = P, + jQ,, the outflow current
is I, the reactor impedance is Z. = R; + jX,, the converter transformer impedance is th = Rtf + thf,
the filter susceptance is By, the voltage at the filter is Uy < 0y, the inflow power of the AC system is S; =
Ps + jQs, the voltage is Us < 85, and the phase-shifting angle of VSC is 6 = 0. — 0;.

The output power of the DC system from the converter and the input power of AC system are
as follows:

Pe = U2Ge — UpUe | Ge cos (60 — 6.) — Besin (67— 6. ) |

Qc = ~UZBc + UgUe [ Gesin (6 — 6.) + Bccos (8 — )
P, = —USZth + usuf th cos (95 — Qf) + Btf sin(@s — Gf }
Qs = U2Byy + UsUy | Gy sin (6, — 05 ) — By cos (0 — 6 )

The inverter often has a certain loss, which is related to the current I, and the loss consists of the

(14)

following three parts: the constant, the primary function and the quadratic function:
PO, = a+Dbl.+cl? (15)

where a, b and c are the corresponding loss coefficients, respectively.
The output voltage U, of the converter is related to the terminal voltage U, of the DC system,
the modulation degree M and the DC voltage utilization factor y, as follows:
uM

U, = ud% (16)

Thus, the power flow calculation with VSC-MTDC is determined.

3.2. The Power Flow Calculation of the AC/DC Hybrid Distribution Network with VSC-MTDC Based on
Improved Forward-Backward Sweep

The power flow calculation based on forward-backward sweep [56] is calculated from the end of
the system network to push forward in the AC/DC hybrid DN. In the process, the AC system and
the DC system are alternately solved according to the topological structure, and then, the process is
iterated until the result is converged. Thus, the power flow calculation of the AC/DC hybrid DN is
completed. The alternating solution process is shown in Figure 2.



Energies 2017, 10, 2137 10 of 29

L]t[t‘ - de
system system
Ud" [‘]” ‘ Puc Quc
Yy a U, 6
Paer Quer Uge

Figure 2. The alternating solution process diagram of the AC/DC hybrid distribution network (DN).

In Figure 2, U, and ;. are the voltage and current value of the DC network, respectively; « and
7 are the triggering angle and commutation overlap angle of the DC network, respectively; P, Quc,
and Uy, are the active power, reactive power and voltage value of the AC network, respectively, and 0
is the phase-shifting angle of the AC network.

For the traditional power flow calculation based on a forward backward sweep, the calculation
principle is simple, but the calculation period is long, and this method takes up a lot of storage space,
which is not suitable for the power flow calculation of the complex DN. Therefore, we adopt the power
flow calculation based on an improved forward-backward sweep method [57] and thus can determine
the hierarchical division of the DN by optimizing the branches, nodes and branch numbers. The power
flow calculation based on the improved forward-backward sweep method can use the branch-line
parameters to calculate directly without the formation of an admittance matrix and triangular matrix.
Thus, the voltage and power distribution can be calculated simply by algebraic equations, and a
one-dimensional array is used to store the data, which may save a lot of storage space. Moreover,
it improves the disadvantages that the power forward calculation and the voltage backward calculation
cannot be calculated simultaneously and determines the parallel calculation of the power and voltage
in the same level, which can further improve the calculation speed and shorten the calculation period
of the power flow calculation.

For the power flow calculation based on the improved forward-backward sweep in the AC/DC
hybrid DN, the calculation process is as follows:

(1) The hierarchical division principle of the AC/DC hybrid DN

The radiation type structure of the DN usually consists of a main feeder with several branches,
and each branch has its own sub-branch. Therefore, regarding the power bus or the substation bus
as the root node number, a main feeder is selected as the first layer, and the branches off the main
feeder are encoded from the root node to the end node. Then, the branches under the same node of
the main feeder are classified into the same hierarchy, and so on. As shown in Figure 3, the DN can
be divided into eight levels, and the parallel computation of voltage and power can be divided into
different branches within the same level.

10 28 ——
9 19 27 ——
o D A = I =

11 15 l 20 23 2E7|_ l

12 16 21 24 30

3 e I~ v

13 17 29 v 25

14 18 26——

v v \ 4

| First | Second | Third | Fourth | Fifth | Sixth | Seventh | Eighth |
| Level | Level | Level | Level | Level | Level | Level | TLevel 1

Figure 3. The hierarchical division diagram of the AC/DC hybrid DN.
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(2) The power flow calculation based on the improved forward backward sweep at the same level
A. Calculate the forward power

For a multi-node network, when calculating the forward power and assuming that all unknown
node voltages are the rated voltage of the grid, the power distribution of each branch can be calculated
according to the load power, the system branch parameters and the power calculation sequence matrix
as follows:

e ) ¥ )

k sum,j .
Aslgj) = : e (rij + jxij) a7)
j
k k k k
s\ = st + 51 +as

where k represents the number of iterations; AS;; is the power loss of the branch corresponding to
node i and j; §;; is the power of node i flowing to node j; S;, P;, and Q; represent the load power, active
power and reactive power of node j, respectively; Ssy j, Psym,j, and Qs j represent the sum of the load
power, active power and reactive power of all branches with node j, respectively, that is, the head-end
node; r;; and x;; are the resistance and reactance value of the branch corresponding to node i and j;

and V; is the voltage value of node j.
B. Calculate the backward voltage

The voltage of each node is calculated by using the sequential matrix that is calculated by the
known head-end node voltage, the calculated power distribution and the voltage. Considering the
large ratio of resistance to reactance (R/X) in the DN, the lateral component of the voltage drop cannot
be omitted to improve the calculation accuracy. The voltage is calculated as follows:

Av(k+1) _ Pi<k)rif+Q§k)xii
i TR
(k) (k)
(k+1) _ B7xij— Qi
e ®

1

Vj(k+1) _ \/(Vi(kJrl) _ AVj(k+1))2 " ((Wj(k+1))2

where AV} and 6V are the longitudinal and lateral components of the voltage drop, respectively, and P;
and Q; are the active and reactive power of node i flowing to node j, respectively.

C. Determine whether the maximum value of the calculated amplitude difference for each node of
the adjacent two iterations satisfies the given allowable error ¢ as follows:

max{|Vi(kH) — Vl-(k)|} <e (19)

If € is not satisfied, the next iteration is performed, and if it is satisfied, the voltage value of the
last iteration is the output, and the iteration process is complete. In the AC/DC hybrid DN planning
research, the VSC adopts the fixed U, and Qs control mode when the AC system transforms to the
DC system. When the DC system is converted to the AC system, the VSC adopts the fixed Us and 6;
control mode. In the power flow calculation, the VSC interface equation [58] of the AC/DC connection
should be considered to obtain the equivalent injection power of the AC system. Taking the constant
AC voltage control mode as an example, Us and 65 are known. In the connected AC network, the node
connected with VSC is regarded as the equilibrium node, and the power flow calculation based on the
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forward-backward sweep is calculated to obtain the injection power Ps and Qs of the AC system. Then,
the following calculations are performed:

uf =U;+ (Ss/us)*ztf

Sep = Up(Ss/Us) +j( ~BpU?)

I. = (Scf/llf) (20)
U. = Uf + 1.7,

Pc +ch = Sc = uclc*

Py=P + (a bl + clcz)

At this time, the phase-shifting angle J can be obtained according to Us and U, the power flow
calculation of the DC DN can be continued, and U, can be calculated when P; is known. In addition,
according to Equation (16), the modulation degree M can be obtained. Then, the power flow calculation
based on the forward-backward sweep of the AC/DC hybrid DN with VSC-MTDC is determined.

4. The Multi-Objective Coordinated Planning of the AC/DC Hybrid Distribution Network Based
on the Multi-Scenario Technique Considering Timing Characteristics

In the multi-objective planning of the AC/DC hybrid DN, planning of the DG configuration
includes the following: the installation locations, the types and capacity of the DG, and the planning of
network frames referring to the transformation of the AC lines into DC lines, the access location of the
DC line for building the DC network and whether the building line is the DC line.

4.1. Objective Functions

(1) The Minimum Annual Economic Cost is as follows:

mlnfl — wm + Cllng CUi’lU + Clcgu}’ldv + CCQTIU (21)

line

where Cig’g, Cliner CpE?, Cion? and Cj"'? are the costs of DG investment, operation and
maintenance; the costs of transforming some of the AC lines into DC lines and building the DC
network; the costs of the DG connected to the converter; the costs of the connected converter for
load; and the costs of the converter on the DC line system. Among them, the cost of the AC/DC
or DC/AC converter required by the increase in the DC load is reflected in Cj0"'7, while the cost
of the converter needed for the connection between the DC subsystem and the AC system is

conv.
reflected in Cj7) A

) Npg Gpg Npe N;  Nsj T Gpg
Cpe = ngzZCgSngg+ )3 ZdZPSJZNZCgom 3,ijst (22)
=1 i=1j=1 s= t=1

where Npg represents the total number of DG candidate nodes; ay ; is the fixed annual average
cost factor for the installation of DG for node i; Gpg is the type number of DG; N; represents the
total number of typical timing situations for the DG output and load fluctuation; d; is the number
of dates of the typical timing situation j in a year; N;; represents the number of scenarios under a
typical timing situation j; p, ; represents the occurrence probability of scenario s under a typical
timing situation j; T is the number of time intervals in the day; At is the unit of time duration;
C¢ and A, represent the unit of active capacity investment cost and the power factor of the gth
class DG, respectively; S; ¢ is the rated capacity of the gth class DG installed at the candidate node
i; Cqom is the unit power generation capacity operation and maintenance costs of the gth class
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)

®)

DG; Pg s represents the active output of the gth class DG installed at the candidate node i in the
period t of the scenario s under the typical timing situation j:

N"P Nnew
Cline = Z Dcl,ixiliC;iC + Z 0(1,]' (X?CZ}ZCC;ZC + X?Cl;'icc;ic) (23)
i=1 j=1

where N, is the total number of lines for the DC line reformed; Ny is the total number of
newly built lines; a;; and ;; represent the annual average cost coefficients for line i and line j,
respectively; C/° and Cflc are the unit length costs of the AC lines and DC lines, respectively; x;,
x}”, and x}ic represent 0-1 variables, which indicate the DC transformation line i and the AC or

DC newly built line j, respectively; I;, l]‘?c, and l]?": are the length of the DC transformation line i
and the AC or DC newly built line j, respectively:

Npg Gpe
conv ac
Coone — Zl fcXfy Zl CeonvSighg (24)
= 8=

where Ceoup represents the unit active capacity cost of the converter; «. is the annual average
cost coefficient of the converter; and xféf represents the 0-1 variable that indicates whether node i
accessed by the DG is the AC node:

Nnnde

conv ac ,,ac dc , dc

Cioad = 3 @cCeonoPy,i (xL,z"?i +x71; ) (25)
i=1

where N4, represents the total load node; P ; is the active load of node 7; x{¢, xflf represent the
0-1 variable, x7$ indicates whether the load of the node i is connected to the DC/AC converter,

and x}’lf indicates whether it is an AC/DC converter; and 7/, 17;715 represents the ratio of the AC
load and DC load of node i, respectively:

Nnode
Cion =Y acCoono Py (x5 + x5 ) (26)
i=1
where P; oy and Pjenp represent the capacity of converter to be upgraded on the DC
transformation line i and the AC or DC newly built line j, respectively.
The Minimum Annual Network Loss is as follows:

N; Ns,j T / Nbr /
minfy = Y d;} ps;) At| Peon it + ) Pij (27)
j=1 s=1 t=1 i=1

where Ny, is the total number of system branches and Pclgff;] st and Pil?:f are the loss of the converter
in the system and the branch i within the period t under the typical timing situation j in the
scenario s, respectively.

The best stability of annual average voltage of the system is as follows:

2
Ne o1 Ny, T q (Pb jstXub —Qp jStRﬂb) + <Pb jStRﬂb +Qp jstxab) Ug 1
i i i i ,jst
Ly = Zizps,jzf 4 (28)
j=1 N s=1 t=1 T uzzzl,jst
minf; = minLyg (29)
LVS = max{Ll, Lz, ey LNbr}
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where R, and X, are the resistance and reactance of line ab, respectively; Uy jst, Py jst, and Qp jst
represent the head-end node voltage of the line ab and the active and reactive power flow at
the end of the line within the period t under the typical timing situation j in the scenario s,
respectively. Among them, Equation (28) is the expected value of the voltage stability index based
on the multi-scenario with timing characteristics for the single line ab, and the Equation (29) is the
expected value of the annual average voltage stability index of the system. The voltage stability
index can reflect the voltage stability of each branch for the DN, and the smaller the index is,
the better the voltage stability is.

4.2. Constraint Conditions

The constraint conditions include the power balance constraint of the AC node, the power balance
constraint of the DC node, the upper and lower bound constraints of the node voltage, the branch
power limit constraint, and the DG capacity constraint:

Nyode
Pfc = e ;1 U?(Gyj cos b;j + By sin 6))
- (30)

Qe — U 3 e (G, sin 6 — By cos 6y
¢ G sy By os Gy

de N d
10— ¥ g lUde =0
i j:lg” I 31)

dc _ pdcygd

ple = pdeyde
Uit < U; < U (32)
Pij < P (33)

0 < Sjghg < P

Gpe

S;ioAe < D
ggl 1,g/vg = Limax (34)

Npc Gpe
Y L Sighg <0l
i=1 g=1

where P and Qf° are the active and reactive injection power of the AC node i, respectively; G; and B
represent the conductance and susceptance of branch ij, respectively; 6;; is the voltage phase difference
between node i and node j; Ny is the set of DC nodes; g;; represents the conductance of branch 7j; Il-dc,
Ud, and PP are the current, voltage and power of the DC node i, respectively; U}ic is the voltage of the
DC node j; U™ and UM represent the upper and lower voltage of node i, respectively; Pjj and Pl-’]nax
represent the active power and the upper limit power of branch ij, respectively; Pirlf‘gax and P; max are the
maximum active capacity of the gth class DG that is node 7 allowed to access and the maximum capacity
of all the types DG; 0 is the maximum active capacity penetration rate of DG; and P| represents the
total active load of the system.

4.3. Model Solution

To solve the multi-objective coordinated planning model of the AC/DC hybrid DN based on
multi-scenario with timing characteristics, an improved adaptive niche genetic algorithm based on
fuzzy degree of membership and variance weighting is used to solve the nested model. The particle is
coded in a binary structure, which is as follows:

Coode = {T151, T5Ss, - -, Taipg SNpe Uty Un, .-, Un,y, NiD1, NaDs, ..., N,D,} (35)
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where T; and S; represent the grid DG type and grid DG capacity on the DG candidate position i,
respectively; U; represents whether the DC is to be reformed in the ith pending a reformation line;
N; and D; denote the number of the access line of the amplification load point i and whether it is a DC
line, respectively; and I is the number of new load points.

To improve the adaptive niche genetic algorithm [59], to maintain the diversity of the population
and obtain a better global search performance, the adaptive genetic algorithm and the sigmoid function
combined with cosine transform are introduced. Then, the crossover rate p. and the mutation rate p,;,
can be obtained according to the individual fitness value of the population, and the method of fuzzy
degree of membership and variance weighting [60] is used to calculate the priority of each particle in
the non-dominated solution set after the iteration. The particle with the highest priority is the final
compromise optimal solution. The model solution is as follows:

(1) Input the original data for the planning, encode the grid frame and initialize the population,
randomly generate N populations and calculate the fitness values and rank in descending order
according to Equations (21)—(29). Take the individual with the greatest fitness as the first centre of
the niche, marked as S..

(2) Measure the fitness increment Af; of each individual and compare it with a pre-set increment
threshold Af. If the fitness rate exceeds the threshold, the distance from the individual to S.; can
be used as the niche radius d.;. The Afi is as follows:

R e o

(3) For other unlabelled individuals, reselect the individuals with the greatest fitness from the
remaining individuals as niche centres, and repeat processes (1) and (2) until all individuals
are marked.

(4) The adaptive selection, crossover and mutation by means of Equations (37) and (38) are used to
calculate the fitness value of the new generation population, and then, the average fitness value
of each niche population is calculated according to Equation (39).

Pe2tPei Pc2—Pcl 27 !
+ COs >
Pc = 2 2 1+ex <ﬁ f'~favg ) f 2 faog (37)
P fmax*favg

Pcl/f/ S fuvg

Pm2+Pm Pm2—Pm1 271 >
Pm = 2 + 2 cos |}+exp(,B f—favg )‘| ’f = le‘Ug (38)

fmax*fuvg
Pmlrf < favg

favg = ka/n (39)
k=1

where « and S are the constant parameters; p.1 and p¢ represent the minimum and maximum of
the crossover rate, respectively; pi;1 and p2 represent the minimum and maximum values of the
variance, respectively; fmax is the largest fitness value of the population; f;,, is the average fitness
of each population; f' is the larger fitness value of the two individuals to be crossed; and f is the
individual fitness value to be mutated.

(5) Use the penalty function of Equations (30)-(34) and handle the individuals with a lower fitness
value by niche elimination. According to the hamming distance between the individuals, update
the new fitness values of the population and arrange them in descending order;
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Determine whether the number of iterations reaches the upper limit, if it is not satisfied, return to
step (2), and if it is satisfied, then the iteration process is finished, and the non-inferior solution

set will be output.
Calculate the degree of membership of non-inferior for each objective function according to

Equation (40) as follows:

max _ ..
eij = M, i=1,2,3 (40)
max __ ,min
g] ]

where g;; is the jth objective values of the ith solution in the non-inferior solution set and g;nax

and g;ni“ are the maximum and minimum values of the objective j, respectively.

Weight the objective function by variance according to Equation (41) as follows:

; (41)

2
(€i1 — €x1)

1

N 2
Y X (& — &)
i=1k=

by

i=1

sz

L=
™M=

—_

where w; is the weight of the objective j, M is the number of the objective function, and N is the
number of the non-inferior solution set.

According to Equation (42), calculate the priority degree of each solution in the non-inferior
solution set, and output the particle with the greatest degree that is the compromised optimal

solution as follows: y
Si = Z si]-w]- (42)
j=1

The flow chart of the improved adaptive niche genetic algorithm based on the fuzzy degree of

membership and variance weighting is shown in Figure 4.

Input the original data for the planning

Encode the grid frame and initialize the population,
then set the initial iterations /=1, the population size
N, and the maximum iterations /,,,,

Following formulas (21)-(29), calculate the fitness values and
rank in descending order for the initial population, the maximum
fitness value is selected as the niche center.

|
2
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Output the
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Figure 4. A flow chart of the improved adaptive niche genetic algorithm based on the fuzzy degree of

membership and variance weighting.
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5. Example Analysis

5.1. The Construction and Analysis of a Multi-Scenario

Due to the obvious seasonal variations in wind power and photovoltaic power, combined with a
large amount of historical data, the typical timing characteristic curves of wind power, photovoltaic
power and load fluctuation can be obtained by the functional nonparametric regression models in
Section 2.1, which are shown in Figures 5 and 6.
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Figure 5. The typical timing characteristic curves of wind power output for the four seasons.
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Figure 6. The typical timing characteristic curves of photovoltaic output for the four seasons.

As seen from Figures 5 and 6, the trends of wind power output and PV output are similar and
are lower than the rated load values in different seasons. However, the wind power output and PV
output at the same moment in different seasons are obviously distinct, which further characterizes
the uncertainty of the wind power and photovoltaic output. The wind power output each season
from greatest to least decreases in accordance with the order is winter, spring, autumn and summer,
which indicates the characteristics that the wind speed is large in winter and small in summer. The PV
power output from greatest to least each season is summer, spring, autumn and winter which is closely
related to the high illumination intensity in summer and the low illumination intensity in winter.

The load fluctuation is not only related to the seasonal differences but also closely related to the
dates. Therefore, with a minimum time scale of 30 minutes of load history data, taking the spring as an
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example, the typical timing characteristic curves of load fluctuation are obtained as shown in Figure 7.
As seen from Figure 7, the typical timing characteristic curves of load fluctuation with different dates
have differing variation ranges, and the load values have obvious differences at the same moment.
The load fluctuation from greatest to least is weekdays, weekends and holidays, which is due to the
large, industrial and commercial electrical demand.

1
0.8 i
§ 0.6 i
[§]
8
o
©
So4p i
—=— Weekdays
02k —e— Weekends i
’ Holidays
0 P S T S S S | L

0 3 6 9 12 15 18 21 24 27 30 33 36 39 42 45 48
Time(x30 min)

Figure 7. The typical timing characteristic curves of load fluctuation for the spring.

During the holidays, many people choose to go out of the home to play, and thus, the load
value significantly decreases on holidays. These fluctuations are closely related to people’s working
conditions, electricity habits, power consumption time and other factors, which also characterize the
uncertainty of load fluctuation. Although the typical timing characteristic curves of wind power,
photovoltaic power and load fluctuation can roughly reflect the scope and trend of the uncertainty,
they also inevitably reduce the fluctuation of each uncertainty unit. Taking PV as an example, the actual
PV output is not only affected by seasonal factors but also closely related to the type of weather.
In addition, judging and extracting the specific types of weather from a large number of historical data
is not easy, and analysing the typical daily curve of the extreme weather is not feasible. Therefore,
an improved FCM clustering algorithm is used to simulate a four-season scenario figure of wind power,
photovoltaic output and load fluctuation with the consideration of the data type differences. Through
the analysis of the multi-scenario technology, the uncertainty of each unit is enhanced. The scenarios of
wind power output and photovoltaic power output for the four seasons are shown in Figures 8 and 9.

Power(Per-unit value)
o
s

Scenario4
Scenario3
Scenario2
Scenario1 4

Scenarios 00 Time/h Scenarios 00 Time/h
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Figure 8. Cont.
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Figure 8. The scenario of wind power output for the four seasons: (a) The spring scenario of wind
power output; (b) The summer scenario of wind power output; (¢) The autumn scenario of wind power
output; (d) The winter scenario of wind power output.
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Figure 9. The scenario of photovoltaic power output for the four seasons: (a) The spring scenario of
photovoltaic power output; (b) The summer scenario of photovoltaic power output; (¢) The autumn
scenario of photovoltaic power output; (d) The winter scenario of photovoltaic power output.

For the load fluctuation, using the spring scenario as an example, the load fluctuations on
weekdays, weekends and holidays are shown in Figure 10.
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Figure 10. The spring load fluctuation on weekdays, weekends and holidays: (a) The spring scenario of
load fluctuation on weekdays; (b) The spring scenario of load fluctuation on weekends; (c) The spring
scenario of load fluctuation on holidays.

From Figures 8-10, we can conclude the following: For each typical timing characteristic curve
of wind power, photovoltaic output and load fluctuation, the clustering algorithm can be used to
construct the multi-scenario; the different multi-scenario curves are several discrete scenes with small
differences in the typical situations; and their probabilities indicate the possibility of the scenario
occurring. Compared with the single typical daily curve, the coverage area of the multi-scenario
curve is larger, the volatility is enhanced, and it better estimates the extreme situations. Therefore,
the uncertainty of the DG output and load fluctuation is further characterized.

Based on the seasonal differences, the number of scenarios with the typical timing characteristics
of wind power and photovoltaic output include 4, 3, 4, and 5 and 5, 4, 5, and 4. Based on the
seasonal and date differences, the numbers of scenarios with the typical timing characteristics of load
fluctuation are 4, 4, 3, 4, 3, 3, 4, 4, 3, 4, 4, and 3. Therefore, in the annual timing sequential, there will
be 780 scenarios with the three kinds of uncertain elements that are aggregated in the typical timing
characteristics. The number of scenarios in the typical timing characteristics is shown in Table 1.

Table 1. The number of scenarios in the typical timing characteristics.

Category Weekdays Weekends Holidays

Spring 4x5x4=80 4x5x4=80 4 x5x3=60
Summer 3x4x4=48 3x4x3=36 3x4x3=36
Autumn 4 x5x%x4=80 4x5%x4=80 4 x5x%x3=60
Winter 5x4x4=80 5x4x4=80 5x4x3=60
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5.2. The Planning of the AC/DC Hybrid Distribution Network Based on Multi-Scenario Technique
Consideration Timing Characteristics

5.2.1. The Overview Example and Parameter Analysis

Based on the construction and model analysis of the multi-scenario with timing characteristics
and taking the IEEE33 node power distribution system as an example, the topological structure is
shown in Figure 11.
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Figure 11. The topological structure of the institute of electrical and electronic engineers 33(IEEE33)
node power distribution system.

In the topological structure of the IEEE33 node power distribution system, the node 0, which can
be regarded as the power point of the system, is the balance node, and the other nodes are the load
nodes. The initial system contains 33 nodes and 32 branches. The rated voltage is 12.66 kV, and the
overall load is 3715 kW +j2300 kvar. With a greater DC load increase, each load node in the system will
no longer be a simple AC load node. To adapt the reconstruction planning of the AC/DC hybrid DN,
some reformation in the system will be made. On the basis of the original total load, the proportions of
the AC and DC loads for each node of the system are reset, which shown in Table 2.

Table 2. The proportion of the direct current (DC) load of each node.

Node  Proportion of DC Load Node Proportion of DC Load
1 0% 17 100%
2 50% 18 50%
3 20% 19 60%
4 30% 20 50%
5 40% 21 20%
6 60% 22 40%
7 60% 23 80%
8 20% 24 60%
9 10% 25 50%
10 20% 26 40%
11 20% 27 50%
12 50% 28 10%
13 60% 29 60%
14 20% 30 60%
15 10% 31 70%
16 50% 32 50%

Additionally, on the basis of the original system, a five-load node will be amplified, including
nodes 33, 34, 35, 36 and 37. The total increased load is 600 kW +j320 kvar, and the proportions of the DC
load of each of the new load nodes are 0%, 30%, 50%, 70% and 100%, respectively. Each load node that
is connected to the system can connect with one of the 32 nodes besides the balance node, but only one
line that can be built by the DC or AC node is allowed access. For the DC line transformation, all the
existing lines in the system can be used as the candidate lines to optimize the planning decision-making.

The construction cost of the AC line is 7 x 10* yuan/km, and the construction cost of the DC
line is 2 x 10* yuan/km. In the AC DN, the photovoltaic power supply is DC power, which is
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grid-connected by the DC/AC converter. The wind power can generate both the DC power and the
AC power, which is grid-connected by the DC/AC or AC/DC/AC converter. Therefore, the converter
link will be omitted if two types of DG are directly incorporated into the DC subsystem. For the
wind power, the installation cost is 6 x 103 yuan/kW, and the operation and maintenance cost is
0.2 yuan/(kW-h). For the photovoltaic system, the installation cost is 8 x 103 yuan/kW, and the
operation and maintenance cost is 0.15 yuan /(kW-h). The average annual investment cost coefficient
of the DG is 0.1, and the power factor is 0.85. Considering the proportion of the DC load in each load
node, the candidate nodes for the DG are 7, 10, 12, 13, 14, 16, 17, 18, 19, 20, 22, 23, 24, 25, 26, 29, 30, 31,
and 32. The minimum unit capacity of the grid-connected DG is 60 kVA, and if the grid-connected
cardinal numberism (m=0,1,2,...,7) for anode in a certain type DG, the installation capacity of
this node is m x 60 kVA.

5.2.2. The Planning Result Analysis

(1) Considering the Planning of Transforming Part of the AC Lines into DC Lines and Building the
DC Network

For the planning variables, considering transforming part of the AC lines into DC lines and
building the DC network, the DG configuration, the DC line transformation results and the newly
built line configuration can be obtained from the model as shown in Table 3.

Table 3. The planning results when considering the DC line transformation and newly built DC line.

DG Configuration

(Node (DG Types, DG Capacity (kVA))) DG Capacity (kVA) DC Line Transformation Newly Built DC Line

7 (PV, 60)

13 (WT, 180) 12-13

17 (WT, 180) 16-17 33-1 (AC)
20 (PV, 120) WT: 840 19-20 34-10 (AC)
23 (WT, 240) PV: 660 22-23 35-17 (DC)
24 (PV, 240) Total capacity: 1500 23-24 36-31 (DC)
27 (PV, 120) 29-30 37-24 (DC)
29 (PV, 120) 30-31

31 (WT, 240)

The structure of the AC/DC hybrid DN after the planning is shown in Figure 12. In Figure 12,
the red lines represent the DC transformation lines, the blue lines represent the newly built DC lines,
the purple lines represent the newly built AC lines, and the green lines represent the type and capacity
of the DG installation in the nodes. The layout situation of the DC transformation lines, DG installation
locations and newly built AC and DC lines can be seen more clearly in Figure 8.
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Figure 12. The structure of the AC/ DC hybrid DN after the planning.
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Table 3 and Figure 12 show that the DC transformation lines are basically located around the
nodes with a higher DC load density such as nodes 13, 17, 23, 30 and 31, and most of the DC lines are
at the end of the system such as nodes 17, 24 and 31. Therefore, the DC transformation lines can reduce
the converter capacity and investment cost. For the position of the grid-connected DG, the nodes are at
one end of the DC line, except for nodes 7 and 20, and thus may decrease the converter link and reduce
the loss of the investment cost. According to the DC load ratio of the new load node, the appropriate
accessing network form of the new lines can be chosen, such as nodes 35, 36 and 37 with a higher
proportion of the DC load. Thus, the corresponding newly built lines are constructed to the DC lines,
and the end node of the DC subsystem is selected to insert them in the DN.

To coordinate grid connection between the photovoltaic power and wind power, the best matching
property of the grid connected system can be obtained, and the acceptance degree of the wind power
is larger than the photovoltaic power. This may be due to better matching of the wind power output
and load fluctuation in the timing characteristics, and the daily output of the wind power is relatively
higher in most cases. The objective function values after the planning are shown in Table 4. As shown
in Table 4, in the AC/DC hybrid DN, most of the DG in the DC subsystem can save many costs due to
the reduction of the converter link, and the DC load area with a high density also reduces the converter
cost due to the formation of the DC subsystem.

Table 4. The objective function values when considering DC line transformation and newly built DC line.

Each Objective Item Numerical Value

Annual investment, operational and maintenance costs of the DG (million yuan) 146.34

The DC line transformation and newly built DC line costs (million yuan) 1.325

The converter of grid-connected DG cost (million yuan) 0.32

The converter of load connected cost (million yuan) 3.102

The converter on DC line cost (million yuan) 26.6
Annual economic cost (million yuan) 177.6870
Annual active network loss (MW-h) 884.12
Annual average voltage stability index 0.062

(2) Without Considering the Planning of Transforming Part of the AC Lines into DC Lines and
Building the DC Network

Without considering the planning of transforming part of the AC lines into DC lines and building
the DC network, the planning results are shown in Table 5.

Table 5. The planning results without considering DC line transformation and newly built DC line.

DG Configuration

(Node (DG types, DG Capacity (KVA))) DG Capacity (kVA) DC line Transformation =~ Newly Built DC Line

7 (WT, 240)

13 (WT, 120)

16 (PV, 120) 33-3 (AC)
18 (WT, 60) WT:600 34-17 (AC)
23 (PV, 180) PV:480 / 35-13 (AC)
24 (WT, 120) Total capacity: 1080 36-7 (AC)
26 (WT, 60) 37-27 (AC)
29 (PV, 120)

31 (PV, 60)

The structure of the AC DN after the planning is shown in Figure 13; the purple lines represent
the newly built lines, and the green lines represent the type and capacity of the DG installation in
the nodes.
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Figure 13. The structure of the AC DN after the planning.

Table 5 and Figure 13 together demonstrate that compared with considering DC line
transformation and the newly built DC line, the grid-connected capacity of the DG has been
greatly reduced. Among them, the grid-connected capacity of wind power decreases by 240 kVA,
which accounts for 28.6% of all of the grid-connected wind power, and the grid-connected capacity
of photovoltaic power decreases by 180 kVA, which accounts for 27.3% of all of the grid-connected
photovoltaic power. Thus, due to the reduction of the converter link in the AC/DC hybrid DN, not only
are the network loss and investment costs reduced, but also, the consumption of the DG is greater.
The objective function values compared with the considered DC planning scheme are shown in Table 6.

Table 6. The objective function values when considering the DC planning scheme.

Each Obijective It Considering DC Line Transformation Ignoring DC Line Transformation and
ac jective ttem and Newly Built DC Line Newly Built DC Line
Annual investment, operational and
maintenance costs of the DG (million yuan) 14634 134.92
The DC line ftransforma’n-or.l and newly built 1.325 1.083
DC line costs (million yuan)
The converter of. grld—connected DG cost 0.32 23.34
(million yuan)
The converter'of load connected cost 3102 24045
(million yuan)
The conveftgr on DC line cost 2.6 0
(million yuan)
Annual economic cost (million‘yuan) 177.6870 183.7880
Annual active network loss (MW-h) 884.12 1223.45
Annual average voltage stability index 0.062 0.091

Comparing with the DC line transformation and newly built DC line, the annual investment,
operational and maintenance costs of the DG and the DC line transformation and the newly built DC
line costs are reduced by 11.42 million yuan and 0.042 million yuan, respectively, which are not much
different. However, the costs of converting the grid-connected DG and the costs of converting the
connected load are increased, and the increased costs are 23.02 million yuan and 21.143 million yuan,
respectively. That is because for the planning scheme without considering DC line transformation and
a newly built DC line, the consumption of a large number of DC load is still in the AC DN. Although
the DC line transformation costs are 0, the converter of grid-connected DG costs and the converter of
load connected costs rise sharply. Thus, the final cost is higher than the planning scheme of considering
DC line transformation and newly built DC line, and the cost increased by approximately 6.101 million
yuan, which accounted for 3.32% of the total annual economic costs. Additionally, the annual active
network loss is far lower than the AC DN, which is 339.33 MW'h, accounting for 27.74% of the total
annual active network loss after the DC line transformation and newly built DC line of the AC/DC
hybrid DN. Meanwhile, the voltage stability becomes better, and the annual average voltage stability
index is reduced from 0.091 to 0.062.
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Figure 14 shows a contrast chart of the annual average voltage stability index with whether there
is a consideration of the DC line transformation and newly built DC line.

e
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Figure 14. A contrast chart of the annual average voltage stability index with whether there is a
consideration of the DC planning.

With the plan considering the DC line transformation and newly built DC line in the AC/DC
hybrid DN, the branches 13, 17, 20, 23, 24, 30 and 31 are transformed into DC lines, and the branches
35, 36 and 37 are the newly built DC lines. For these DC branches, there will be no stability problems;
thus, the index values are set to 0. Also shown in Figure 14 is that the annual average voltage stability
index for each branch of the AC/DC hybrid DN is lower than that of the AC DN, and its voltage
stability is similarly better.

6. Conclusions

In this paper, a functional nonparametric regression model is established, and the multi-scenario
construction of the DG output and load fluctuation with timing characteristics is introduced. Then,
the power flow calculation method based on an improved forward-backward sweep for the AC/DC
hybrid DN with VSC-MTDC is described. With increased DC load density and penetration of a large
number of DG units for the AC DN, considering the DC DN advantages of low network loss, good
power quality and easy acceptance of the DG, a planning approach considering transforming some of
the AC lines into DC lines and building a DC network is put forth. Based on this, a planning model for
an AC/DC hybrid DN with DG based on the construction of multi-scenario technology with timing
characteristics is built. Finally, through the example simulation, the construction of multi-scenario
technology in typical timing characteristics is obtained, and the uncertainty of each DG and load
fluctuation is described more accurately. In comparison to not planning to transform some of the AC
lines into DC lines and build a DC network in the DN planning, more DG units can be admitted when
planning to transform some of the AC lines into DC lines and build a DC network, and due to reducing
the grid DG and the inversion link of load consumption, the overall cost of the AC/DC hybrid DN
is reduced. Moreover, the power quality of the AC/DC hybrid DN is notably improved, and the
active power network loss and voltage stability index are better than those of the planning model
when considering the AC DN alone. Thus, the correctness and effectiveness of the proposed planning
method are verified, and a certain amount of reference is provided for the future DN optimization
planning and deeper research of the AC/DC hybrid DN. However, this paper only puts forward a
preliminary assumption for the plan to transform some of the AC lines into DC lines and build a DC
network. In the future, the bi-level coordinated planning model for the DG and network frame in the
AC/DC hybrid DN should be considered. Thus, the optimization decision for the configuration of
the network frame and the DG is carried out in the upper level and lower level, which can ensure the
optimal combination of the DG and DN frame. Therefore, the mutual interaction of the DG and DN
frame can be addressed. However, we can further consider the partition planning of the DN; namely,
the plan to transform some of the AC lines into DC lines and build a DC network should be planned
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for the DN area with a higher DC load, and the centralized transformation can be carried out, which
will be more conducive for the security, stability and economic development of the AC/DC hybrid DN.
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The following abbreviations are used in this manuscript:

DG
DN
AC
DC
EVs
DS
ATC

Distributed generation
Distributed networks
Alternating current

Direct current

Electric Vehicles
Distributed storage
available transfer capability

HVDC High Voltage Direct Current

GAT

General Analytical Technique

RDSs Radial Distribution Systems
SPPVSs Single-Phase Photovoltaic Systems

PAT

Proposed Analytical Technique

BFGEs Biomass-fueled gas engines

FCM

Fuzzy C means

VSC-MTDC Voltage source converter-multi terminal direct current
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